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ABSTRACT
Thiarubrine A (TA), a plant secondary metabolite synthesized by members of 
the family Asteraceae possesses antifungal and antiviral properties and is a potential 
pharmaceutical. The objective of the work was the optimization and scale-up of a 
bioprocess for the production of TA using hairy root cultures of Ambrosia 
artemisiifolia. At the inception of the work an established hairy root culture of the 
model system was used as inoculum in reactor experiments for the development of a 
protocol for the quantification of TA and in subsequent shake flask experiments to 
determine optimum culture conditions. TA accumulation closely paralleled growth and 
then decreased indicating TA degradation. Growth and TA accumulation decreased on 
increasing the temperature from 25°C to 30°C. No TA accumulation was observed in 
cultures exposed to light and this inhibitory effect was reversible. Elicitation, biotic and 
abiotic was studied as TA yield enhancement strategy using a statistical method. Biotic 
elicitation was done with Protomyces gravidus, a pathogen and Botrytis cinereae, a non 
pathogen of the model system and abiotic elicitation using vanadyl sulfate solution. In 
all the three cases stimulation of TA accumulation was observed. To obtain highly 
productive clones the root cultures were disorganized by the addition of phytohormones 
which facilitated somaclonal variation to provide a pool of variability. Hairy root clones 
were regenerated from the disorganized phase and a clone with thrice the productivity of 
the parent clone was achieved. Using the optimal culture conditions obtained, the 
cultures were scaled-up to a nine liter air sparged reactor with the inoculum 
concentration of root tips as the basis. Volumetric productivity of TA was of the same 
order of magnitude in the shake flask and the reactor. The results show that the
x
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inoculum concentration of root tips is a key parameter describing root growth and 
secondary metabolite accumulation at low biomass densities. Experiments performed in 
a shake flask indicated that manipulation of the inoculum concentration of root tips 
provides a way of manipulating the kinetics of root growth and TA accumulation early 
in the run.
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Chapter 1 . INTRODUCTION
H ,C - g = & r
H
THURUBMNEA (MOL.WT.22t)
Figure 1-1. Structure of TA (Mol. Wt. is Molecular weight).
Thiarubrine A (TA), a disulfur polyene derivative (Fig. 1-1), is found in resin 
canals present in the cortex and periderm of roots of species belonging to the family 
Asteraceae (Ellis et al. 1995). The native people of North America, e.g., Paiute, 
Shoashone and Thompson, use plants which synthesize TA as a stomachic and as a 
snakebite remedy (Moerman 1977). A detailed list of biological activities exhibited by 
TA are summarized in Table 1-1 and 1-2. It can be seen that TA displays antifungal 
activity in the dark and is toxic to membrane possessing viruses. The beneficial
1
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Table 1-1. Antibiotic properties of TA (UV-A radiation range is 320 nm to 400 nm).
Property Organism Concn. Light Reference
Antifungal Candida albicans 1 ppm dark Towers et al. 1985
0.1 ppm UV-A
Aspergillus fumigatus 0.6 ppb UV-A
- dark
Saccharomyces
cerevisiae
UV-A,
visible
dark
Constabel and 
Towers 1989
Antibacterial Escherichia coli 0.5 ppm UV-A Towers et al. 1985
> 0.5 ppm Dark
Staphylococcus albus - UV-A
Bacillus subtilis - UV-A
Streptococcus
faecalis
- UV-A
Mycobacterium phlei - UV-A
Nematicidal Coenorhabditis
elegans
5 ppm dark Ellis etal. 1995
0.03 ppm light
Insecticidal Meloidogyne 
incognitata ( larvae)
10 ppm dark Rodriguez 1988
15 ppm light
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Table 1-2. Effect of TA on viruses (UV-A radiation range is 320 nm to 400 nm).
Virus Description Concn. Light Effective Reference
Mammalian Murine 
cytomegalovirus
membrane 0.01 ppm UV-A Yes Hudson et al. 
1986
Dark No
Mammalian Sindbis 
vims
membrane 0.01 ppm UV-A Yes
Dark No
Bacteriophage T4 No
membrane
I ppm UV-A slightly
1 ppm Dark No
Bacteriophage M13 No
membrane
UV-A No
Dark No
Enterovirus 
Poliovirus type 1
No
membrane
0.5 ppm UV-A No Hudson et al. 
1993
Dark No
Enterovirus 
Coxsackievirus B6
No
membrane
0.5 ppm UV-A No
Dark No
Human Immuno­
deficiency Virus -1 
(HIV-1)
membrane 1.0 ppm UV-A Yes
1 ppm light slight
1 ppm Dark No
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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therapeutic effects of TA span a wide spectrum of targets with no reported 
photogenotoxic effects (Christensen and Lam 1991) and coupled with its previous use 
by man make it a potential pharmaceutical.
It is evident from the extensive range of the biological activity displayed under 
different light sources that TA exhibits complex mechanisms of toxicity. It is possible 
that this activity is due to the fact that TA can interact with cells in many different ways 
because of its structure. The following mechanism was hypothesized by Constable and 
Towers (1989) to explain the numerous activities of TA. If exposed to visible or UV-A 
radiation TA photolyses to lose a sulfur atom and is converted to thiophene A. The 
thiophene, being a photosensitizer, can get photosensitized to give singlet oxygen on 
exposure to only UV-A. Therefore, the photoactive species produced and the 
mechanism of action depends on the light source. Under UV-A radiation singlet sulfur 
and oxygen are produced and in the presence of visible light the yield is a singlet sulfur 
atom. No photoactive species are produced in the dark. The disulfide ring is of primary 
importance with regard to toxicity in the dark as even a decrease in conjugation and 
increase in saturation of the polyine side chain, speculated to be responsible for the 
toxicity, does not diminish the activity of TA (Constable and Towers 1989). The exact 
mechanism by which the disulfide ring interacts with the living cells is not known. 
Because of its diverse biological activities TA could be an immensely important 
pharmaceutical in treating immunosuppressed individuals, i.e., AIDS patients who 
easily succumb to bacterial and fungal infections. TA is as effective as fungizone 
amphotericin B against the human pathogenic yeast Candida albicans. Since the large
Reproduced w ith permission of the copyright owner. Further reproduction prohibited w ithout permission.
5scale production of TA from commercially available chemicals has many synthesis 
steps (Koreeda and Yang 1994) production from natural sources would be a viable 
alternative.
Commercial production of secondary metabolite from field grown plants faces a 
number of problems like climate dependency, low propagation rate, pests and disease. 
Producing secondary metabolite from plant cells in bioreactors overcomes some of 
these barriers. In 1985, the first plant secondary metabolite, Shikonin, was produced 
successfully on a commercial scale from plant cell cultures (Tabata and Fujita 1985). 
However, commercial production of plant secondary metabolites using plant cell 
culture has met with limited success because of problems such as genetic instability, 
low yield and unstable production of secondary metabolites associated with 
undifferentiated cultures (Dodds and Roberts, 1982). Moreover, TA, being a 
hydrophobic compound, is accumulated in the intercellular spaces around the vascular 
tissue called resin canals and it has been demonstrated that dedifferentiation, in the 
absence of the above structures results in the eradication of TA accumulation (Cosio et 
al. 1988). These problems can be overcome by using a differentiated tissue for the 
production of secondary metabolite.
TA has been isolated from roots of Ambrosia artemisiifolia (Fischer and 
Quijano 1985) and it has been documented that TA is synthesized in isolated root 
cultures of A. artemisiifolia (Flores et al. 1988). However root culture growth rates are 
slow compared to those of cell suspension cultures. “Hairy” or transformed root 
cultures grow with rates comparable to that of cell suspension cultures. Therefore hairy
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
6root cultures of A. artemisiifolia would be an excellent choice for large scale 
production of TA. Hairy root cultures are obtained by infecting the tissue of a 
susceptible dicotyledonous plant with Agrobacterium rhizogenes, a soil bacterium. The 
tissue responds to the infection with a rooty, tumorous formation from which the hairy 
roots emerge. Hairy roots can grow even in the absence of phytohormones in the media 
and exhibit a high degree of lateral branching. But what makes them attractive for large 
scale production of secondary metabolite is their high growth rate and higher level of 
production of secondary metabolite over a long span of time as compared to a cell 
culture (Kamada et al. 1986; Tepfer 1984). The production of thiarubrines from hairy 
root cultures is being developed by a company in the USA (personal communication).
The selection of a high producing root clone is an important part of the 
upstream processing in the large scale production of secondary metabolite. Commercial 
production of shikonin was improved by selecting a high producing cell line from 
protoplast culture of Lithospermum erythrizon (Fujita 1985). The initial level of 
production of a root clone is dependent on the source of the plant material, hence it is 
important to initiate cultures from the best genetic material (Rhodes et al. 1988). It is 
not feasible to establish hairy root clone cultures from a large number of cultivaars and 
then screen them for the highest producing clone as it is an extremely labor intensive 
process. An easier way to obtain variation in order to screen for high yielding hairy root 
clones would be by using the technique of somaclonal variation. Somaclonal variation 
refers to the genetic variation in cell and callus cultures and increases with prolonged 
culture. It is irreversible, unpredictable and is a spontaneous mutation transmitted
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
7during meiosis. This technique, which is often used in plant cell culture, is applicable 
by dissociating the hairy root clone culture initiated from the parent plant material into 
a suspension culture. The genetic and biochemical heterogeneity in transformed cell 
cultures caused by factors including somaclonal variation is then exploited by obtaining 
a large number of variant regenerant clones by transferring the contents to a growth 
hormone free medium. The regenerant clones are then screened for the relevant 
characteristics, typically, high secondary metabolite productivity.
Optimizing the culture conditions is the foremost phase in the large scale 
production of any biological compound. This is frequently done by performing a large 
number of experiments on a smaller scale such as in a shake flask. Secondary 
metabolite accumulation and biomass productivity have been increased in plant cell 
suspension cultures by changing the environmental conditions. Improved growth rates 
have been observed in hairy root cultures by changing pH, media composition, addition 
of auxin and other chemicals. However, secondary metabolite production has not been 
increased by changing the same variables. This behavior is in contrast to plant 
suspension cultures (Toivonen et al. 1993). Polyacetylene yields in root cultures of 
Bidens alba have shown an inverse relationship with temperature in the range of 
investigation, 15 to 33°C (Norton and Towers 1986). Light has played a vital role in the 
production of certain polyacetylenes (Mukundan and Hjortso 1990; Cosio et al. 1986). 
Therefore, it is worthwhile to consider manipulation of these two variables while 
studying a new system for the production of TA, a sulfur derivative of polyacetylene.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
8Commercial utilization of plant tissue cultures has been hampered by low yields 
of secondary metabolites. Various techniques have been used to increase the yield of 
secondary metabolites in culture. The most extensively used tool for increasing the 
productivity of secondary metabolite has been elicitation. Elicitors are agents that 
induce plants to synthesize phytoalexins at elevated levels. They can be biological, e.g., 
fungal and plant cell walls or microbial enzymes or non-biological, e.g., heavy metals 
and ultraviolet light. Phytoalexins are low molecular weight, antimicrobially active, 
secondary metabolites that are accumulated by a plant after exposure to 
microorganisms (Paxton 1981). The prediction of the response of a system, plant cell 
and tissue culture, to an elicitor cannot be made a priori. Conditions which were 
favorable in terms of stimulating secondary metabolism in other systems could provide 
bearings when optimizing a new system (Eilert 1987). The levels of some 
polyacetylenes were increased twenty fold in root cultures ofBiden sulphureus when 
challenged with fungal culture filtrates of Phytium aphanidermatum and Phytophthora 
dreschleri. Mukundan and Hjortso (1990b) increased thiophene accumulation in hairy 
root cultures of Tagetes panda using both pathogenic and non-pathogenic fungi.
Abiotic elicitation using vanadyl sulfate also increased thiophene accumulation in hairy 
root cultures of T. panda (Hjortso and Mukundan 1994). Since elicitation would be an 
integral part of the large scale production of plant secondary metabolites, its importance 
cannot be emphasized enough.
It is obvious that for large scale production of secondary metabolites, shake 
flask cultures will not suffice. Cultures would have to be grown in bioreactors as these
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
9can be applied for large scale production. However, shake flask experiments are ideal 
for screening a wide range of variables in order to obtain the optimal conditions for 
scale-up. The conditions within a bioreactor can be controlled and exploited better than 
in a shake flask making it an attractive proposition for large scale production. The 
major bottleneck in using these bioreactors for production is the morphology of hairy 
root growth. The entwinement caused by the interconnected roots impedes mass 
transfer and mixing. Mechanically agitated tanks have not met with much success 
because of the shear damage caused to the roots. Air sparged reactors without 
mechanical stirring have been used successfully in growing hairy roots (Rhodes 1986; 
Buitellar et al. 1991; Taya et al. 1989). Therefore, air sparged reactors without 
mechanical agitation would be a good choice for growing hairy roots. The use of 
bioreactors for large scale production automatically implies the need for mathematical 
models. Mathematical models to describe hairy root growth dynamics and secondary 
metabolite accumulation are needed for reactor design and process optimization. There 
are a large number of unstructured, distributed models in the literature for biomass 
growth and secondary metabolite production, e.g., the Monod (Monod 1949) model and 
the Leudeking-Piret (Leudeking and Piret 1959) model. The most effective model(s) 
are those whose results can be given a physical interpretation and which enhance the 
understanding of system behavior (Buitellar and Trampler, 1992). A segregated model 
by Kim (1993) attempts to relate the growth and secondary metabolite production 
kinetics of hairy root cultures to the physiological state of the cell. His work shows that 
differentiated root tissue offers opportunities to manipulate the inoculum as it is
L
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composed of a large number of cell states. Hence, we can attempt to manipulate the 
fermentation outcome by changing the inoculum state. Therefore, scale-up of root 
cultures from shake flask to bioreactors and the mathematical modeling of hairy root 
growth dynamics and secondary metabolite production are of immense importance in 
the large scale production of secondary metabolites from hairy roots.
The objective of my work is two fold:
• Enhance production (yield / day) of TA, a secondary metabolite produced by 
the hairy root clone of A. artemisiifolia T4.
• Scale-up the above system from shake flask to bioreactors and test the data 
obtained with that of the predicted data from different unstructured models. 
The parameters for the model will be obtained from experiments performed 
in the shake flask.
This dissertation consists of six chapters including the introduction and 
conclusion. The remaining four chapters are the drafts of manuscripts that have been or 
will be shortly submitted for publication. This has resulted in some repetition but each 
chapter can be read separately. Chapter 2 is about the purification, isolation and 
subsequent HPLC method development for quantification of TA, batch kinetics of TA 
production in shake flask cultures and the effect of light and temperature on the 
accumulation of TA. Chapter 3 deals with the elicitation strategies used for the TA 
yield enhancement, namely, abiotic and fungal elicitation. Chapter 4 describes the 
methodology and the techniques used for clone development with the aim of obtaining 
highly productive root clones. Chapter S compares the production characteristics of the
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model system on scaling up to a 9 liter air sparged bioreactor from shake flask cultures 
using identical culture conditions and inoculum concentration of root tips. The 
applicability of unstructured models for scale-up is also investigated. The effect of 
changing the inoculum concentration of root dps as a means to manipulate the outcome 
of the dssue culture bioprocess is examined. The last chapter summarizes the results of 
this research and lists recommendations for future work.
i
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Chapter 2 . GROWTH AND THIARUBRINE A ACCUMULATION 
IN HAIRY ROOT CULTURES OF AMBROSIA ARTEMIS1IFOUA
INTRODUCTION
Thiarubrine A (TA), sulfur heterocycle and phytochemical, displays a broad 
spectrum of potent antiviral (including HIV-1), antifungal and antibacterial activities 
(Ellis et al. 1995). Chemical and pharmacological studies regarding TA have been 
widely reported (Block et al. 1996; Constable and Towers 1989; Hudson et al. 1986; 
Towers et al. 1985). It is as effective as commercial fungizone, amphotericin B, at a 
concentration of 1 ppm, against human pathogenic yeast Candida albicans (Ellis et al. 
1995). In vitro synthesis of TA from commercially available chemicals consists of a 
number of complex steps (Koreeda and Yang 1994) and production from natural 
sources may therefore be a viable alternative to synthesis. Natural sources of TA 
includes many species of plants belonging to the family Asteraceae, including 
Ambrosia artemisiifolia (Fischer and Quijano 1985). However, commercial production 
of secondary metabolites from Held grown plant faces obstacles such as climatic 
restrictions, pests, disease, political instability and a seasonal production cycle. These 
hurdles are overcome by producing secondary metabolites in tissue cultures. The reason 
for choosing hairy root cultures of A. artemisiifolia over cell culture of the same species 
for production of TA was twofold. Firstly, TA being a hydrophobic compound is stored 
outside the cells in resin canals and dedifferentiation is known to eradicate TA 
accumulation (Cosio and Towers, 1988). Secondly, excellent productivity 
characteristics are associated with hairy root culture such as consistent product
12
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synthesis at high levels, high growth rates in phytohormone free media and genetic 
stability (Kamada et al. 1986; Tepfer 1984).
An understanding of the dynamics of hairy root growth, secondary metabolite 
accumulation and sugar utilization is required for process development purposes. 
Quantitative information will provide the basis for reactor design and process 
optimization. In this report growth, sugar consumption and TA accumulation in hairy 
root cultures of A. artemisiifolia and the effect of temperature and light on the system is 
examined. Because formation of new cells in roots is confined to the tips and to a 
region at the end of the elongation zone, (Lopez-Saez et al. 1975) care was taken to 
characterize the inoculuitLby its number of tips rather than by its weight Measurements 
of medium conductivity were done to verify a linear relationship between changes in 
biomass concentration and changes in medium conductivity for this system.
The cultures were studied in shake flasks and were also grown in 9 liter 
bioreactors to obtain large amounts of biomass so that sufficient amounts of TA could 
be extracted to serve as a standard. A HPLC protocol was then developed for 
quantifying the amount of TA extracted from the root mats.
MATERIALS AND METHODS 
Root Cultures
The hairy root clone A. artemisiifolia T4 was a gift from Dr. Hector Flores, 
Pennsylvania State University, USA. The culture medium for all the experiments was 
MS (Murashige and Skoog, 1962) basal medium with Gamborg’s vitamins (Gamborg et 
al. 1968) (Sigma # M 0404). Sucrose (30 g/1) was added and the pH adjusted to 5.7 - 
5.8 using 0. IN KOH / 8.5% phosphoric acid prior to autoclaving of the medium.
i
i _ _ _
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Analytical procedures
The extraction and isolation procedure used here for TA was adopted from 
Gomez-Barrios et al. (1992). The extraction, purification, isolation and other handling 
was done under dim light (ted incandescent bulb) to prevent photolysis of TA.
Extraction: Mats obtained from the reactors were rinsed in distilled, deionized water 
and the fresh weight measured. The mats were then soaked in excess of 
dichloromethane (DCM) for a period of 24 hours. The DCM - water mixture was 
separated to remove the water. The root extract in DCM was concentrated to the 
desired level by rotary evaporation in vacuo at 3CP- 3S°C.
Purification and Isolation: The crude extracts from the different mats were combined 
to ensure that a sufficient amount of pure TA was obtained. This crude sample was 
dissolved in sufficient DCM to obtain a paste and Vacuum Liquid Chromatography 
(VLQ (Coll and Bowden, 1986) using hexane and ethyl acetate was done on the paste. 
Pink colored fractions were collected and subjected to a Thin Layer Chromatography 
(TLC) (Mikes 1979) to determine the purity of each fraction and to obtain the solvent 
ratio required for obtaining pure TA. Hexane was used as a solvent for Dry Column 
Chromatography (DCQ (Mikes 1979), done on the paste of the pink colored fractions 
obtained from the VLC. TLC done on the fractions from the DCC determined the 
fractions with identical chemical composition. Identical fractions were mixed and a 
NMR was done to identify TA and confirm its purity.
Standard curve: A known concentration of the pure solution was passed through a C18 
cartridge (Waters Associates) and filtered using a 0.2 p.m nylon membrane filter. The 
filtrate was analyzed on a HPLC (Shimadzu) furnished with a Diode Array Detector
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(SPD-M6A), autoinjector (SIL-6B) and a PC. A reverse phase (Spherex 10) C8 (250 * 
4.6 mm) column (Phenomenex) at 35°C was used to perform isocratic elution with 
acetonitrile: water mixture (74:26). The flow rate was 0.5 cm3/minute. A standard 
curve was obtained by repeating the same procedure for different concentrations. 
Thiarubrine A analysis: The root mat was soaked in DCM for 24 hours after which the 
solution was concentrated by rotary evaporation in vacuo and the residue was dissolved 
in acetonitrile. This solution was passed through a C18 cartridge (Waters Associates) 
and then filtered using a 0.2 pm nylon membrane filter. The filtrate was analyzed by 
HPLC using the procedure employed for obtaining the standard curve. TA was 
identified from the ultraviolet (UV) spectra and retention time. The quantification was 
done using the standard curve.
Carbohydrate analysis: The analysis was done on a Shimadzu HPLC equipped with a 
Refractive Index Detector (R1D-6A), autoinjector (SIL-6B) and a PC. An Amino (IB- 
SIL), 5 pm column (Phenomenex) at 45°C was used. The solvent flow rate was 1ml / 
min with 80% acetonitrile and 20% water. A standard curve was obtained by injecting 
known amounts of fructose, glucose and sucrose solutions. The media samples were 
filtered using a 0.2 pm nylon filter and analyzed by HPLC. The sugars were identified 
from the retention times.
Growth curves
The inoculum for the growth curve consisted of 1.5 to 4.0 cm long tips of roots 
grown in the dark for 14 days in a controlled environmental incubator shaker at 2$C 
and 120 rpm. Each flask was inoculated with four tips so that sufficient biomass could
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be obtained for TA analysis. The conductivity of the medium was measured aseptically 
prior to the inoculation to obtain the initial value of conductivity. The conductivity cell 
was sterilized by immersing it in a test tube containing 40 wt % phosphoric acid 
followed by rinsing it in a test tube containing sterile water. The conditions used for 
growing the roots were the same as for the inoculum except that two temperatures 25°C 
and 30°C were used to obtain growth curve data for both temperatures. Mats were 
harvested at intervals of 4 days for measuring fresh weight, extracted dry weight and 
TA content. The conductivity and volume of the media was measured after harvesting 
the root mat. The media was stored in the refrigerator for later carbohydrate analysis. 
Fresh mass was measured after rinsing the roots in distilled deionized water and 
blotting them dry on a filter paper. The mat was soaked in excess of DCM for a period 
of 24 hours and was dried till a constant mass was attained. The DCM solution was 
analyzed as mentioned previously.
Effect of light
These cultures were prepared as for the growth curve but were then placed in a 
incubator shaker at 120 rpm, ambient temperature and under light for 18 days. Half of 
the flasks were then moved to a dark environment. All the mats were harvested on day 
36. The fresh weight, extracted dry weight and the secondary metabolite content were 
determined as described for the growth curve experiments.
Reactor experiments
The reactors were made from an inverted 10 liters polycarbonate (Nalgene 
2251-0020) carboy. The carboy was fitted with a fritted glass air sparger (Millipore 
XX 1004702) in lieu of a cap, the bottom was sawed off and a polycarbonate flange
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was welded on to the rim. A stress relieved polycarbonate sheet was bolted to this 
flange to provide the reactor top cover. This top sheet had three openings, an air outlet, 
a media delivery port and an inoculation port.
Nine liters of MS medium was autoclaved and pumped into the reactors through 
a 0.2 pm bell cap filter (Gelman 12158) using a Masterflex pump (Cole Parmer 7520- 
00).The conductivity of the medium before inoculation was measured. The reactors 
were inoculated with finely cut (1 - 4 cm length) root mats obtained from shake flask 
cultures grown at 110 rpm, ambient temperature, under darkness. The reactor cultures 
were grown in darkness at ambient conditions with an air flow rate of 486 cc/min. Mats 
were harvested in dim light 24 days after inoculation, at which time a sizable mat had 
formed. The mats were rinsed in double distilled water and the fresh weight was noted. 
The media volume and the conductivity was also measured at harvest 
RESULTS
Growth and TA accumulation
The relationship between change in medium conductivity and fresh weight 
concentration and between change in medium conductivity and extracted dry weight 
concentration were both found to be linear as seen in figure 2-1, R2 = 0.97 and 0.96, 
respectively. All biomass concentrations reported below were obtained directly.
Growth kinetics at 25°C, figure 2-2, did not exhibit the classical growth curve 
shape of a single exponential growth phase followed by a transition phase until growth 
stopped. Instead, two growth phases were apparent. Growth was first order or 
exponential for the first 28 days, with the specific growth rate being 0.24 day'1. A 
stationary or resting phase was observed between day 28 and day 36 and approximately
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Figure 2-1. Relationship between change in medium conductivity and fresh weight 
concentration (circles) and extracted dry weight concentration (triangles) of A. 
artemisiifolia T4. The data shown are for shake flask cultures grown in the dark at 
25°C and 120 rpm. A linear regression of the data yields the straight lines FW = 
0.0464AS and EDW = 0.003AS, where FW is the fresh weight biomass concentration 
in g/ml media, EDW the extracted dry weight in g/ml media and AS is the change in 
medium conductivity in mmhos.
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Figure 2-2. Extracted dry weight versus time for hairy root cultures of A. 
artemisiifolia T4 grown in dark at 25°C and 120 rpm in 50 ml of MS medium 
contained in a 125 ml shakeflask.
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zero order or linear growth was observed between day 36 and day 60. During the 60 
days of growth, the root mats changed color from light pink to dark green on day 60.
The concentration of TA in the biomass versus time is shown in figure 2-3. The 
observed variation between samples is quite large and one cannot reasonably attribute 
any significance to the detailed variations between sample days, but only to the general 
trends indicated by the graph. This indicates that the concentration of TA in the roots is 
a unimodal function of time with the highest concentration appearing around day 24. 
Similar comments can be made for the total amount of TA as a function of time, figure 
2-4, with the maximum amount appearing around day 36. Thus, there was significant 
accumulation of TA during the resting phase, day 28 to day 36 and a decrease in 
accumulation after day 36 although growth continued beyond this day.
Sucrose was completely converted to fructose and glucose by day 20, as shown 
in figure 2-5. The sugar concentrations shown were not corrected for water lost by 
evaporation from the medium, hence the glucose and fructose concentrations are higher 
than the values expected from a mass balance. Glucose was initially consumed in 
preference to fructose and by day 40 the glucose concentration was close to 0. Fructose 
was consumed from day 28 to day 60 at an approximately constant rate. The stationary 
phase was in progress at day 60 as fructose concentration was close to 0.
Effect of temperature
A comparison of the growth curves obtained at 25°C and 30°C are shown in 
figure 2-6. Both curves exhibit the same growth pattern with two phases, the first with 
approximately first order growth kinetics, the second approximately zero order kinetics, 
separated by a resting phase between days 28 and 36. However, growth at 3(fC was
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Figure 2-3. TA concentration in the biophase versus time, for growth conditions 
identical to those of figure 2-2.
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Figure 2-4. Total TA accumulation in the shake flask versus time, for growth 
conditions identical to those of flgure 2-2.
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Figure 2-5. Sugar composition of the medium versus time, for growth conditions 
identical to those of figure 2-2.
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Figure 2-6. A comparison of extracted dry weight versus time, for growth at 25°C and 
30°C. All other growth conditions are identical to those of figure 2-2.
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much slower than at 25°C, with the initial specific growth rate at 30°C approximately 
equal to 20% of that at 25°C. The extracted dry weight was only 0.04 g after 44 days of 
growth at 30°C whereas it was 0.25g after the same period of growth at 25°C.
The TA concentration in the biophase and the total TA accumulation at 3CfC is 
shown versus time in figures 2-7 and 2-8. These plots should be compared to the plots 
in figures 2-3 and 2-4 which show the same variables for growth at 25°C. It can be seen 
that although the maximum concentration of TA in the biophase is greater at 30°C, the 
total amount of TA produced at 30°C is roughly 10 times less than that produced at 
25°C.
The slower growth rate at 30°C is also evident when the sugar concentrations in 
the medium are considered, figure 2-9. At 30°C, sucrose is hydrolyzed much more 
slowly than at 25°C, not disappearing until day 44 and no significant rate of 
consumption can be observed for either fructose or glucose.
Effect of light
The effect of light on the accumulation of TA is shown in Fig. 2-10. No TA 
accumulation occurred when the roots were grown in the light but this inhibitory effect 
was reversible as flasks initially grown in the light began TA accumulation when 
transferred to the dark. There was no significant TA accumulation in the cultures grown 
in the light. The roots were red when grown in the light and light pink when incubated 
in the dark. No tbiophene A, a compound formed when isolated TA decomposes in 
light, was detected in cultures grown in the light.
L
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Figure 2-7. TA concentration versus time, in the shake flasks at 30°C. All other 
growth conditions are identical to those of figure 2-2.
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Figure 2-8. Total TA accumulation versus time, in shake flasks at 30°C. All other growth 
conditions are identical to those in figure 2-2.
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Figure 2-9. Sugar concentration of the medium versus time, at 3(Pc. All other growth 
conditions are identical to those of figure 2-2.
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Reactor runs
These experiments were performed primarily to obtain TA for development of 
the analysis protocol and the HPLC standard curve and not for obtaining kinetic data. 
Hence the runs were not made at a constant temperature with a well defined inoculum. 
However, the runs will be mentioned here as they do provide some information on TA 
accumulation in root mats, on the characteristics of mat formation in our reactors and 
since they confirm that conductometry can be used to monitor the biomass 
concentration in reactors as well as in shake flasks. The roots initially remained in 
suspension but later became entangled and formed a mat shaped like a torus which 
floated at the top of the reactor. The growth of the roots then took a definite direction, 
namely, slightly inwards towards the center and mainly downwards towards the bottom 
of the reactor. The roots accumulated in the top of the reactor and did not occupy the 
rest of the volume resulting in a low overall biomass density (maximum of approx. 2.5 
g EDW /1) after 24 days. None of the root mats harvested showed visible signs of 
severe nutrient limitation or necrosis. Important results from the reactor runs are 
collected in Table 2-1. The temperature was not constant during the runs which 
accounts for the variations seen. The average value of change in dry weight biomass 
relative to the change in conductivity is 0.0029 g/liter mmhos, a value which matched 
the value of0.003 g/liter mmhos obtained in shake flask. This indicates that the 
standard curve obtained from shake flask experiments can also be applied to cultures 
grown in reactors.
I._______
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Table 2-1. Data obtained from reactor cultures of A. artemisiifolia T4 
hairy roots. All reactors were kept in the dark at ambient temperatures and 
were harvested after 24 days of growth. The change in extracted dry 
weight was calculated after converting the wet weight of the inoculum 
using the fresh weight to extracted dry weight ratio of 16.66 obtained in 
shake flask experiments.
Data of 
Run#
Inoculum 
fresh weight, 
(g)
Extracted
Dry
weight
(EDW)
_ _ (g)
TA
(mg)
TA yield
(mg/g
EDW)
dx/dc
(*le4)
153 163 14.9 1.38 0.09 25
154 10.1 16.6 0.99 0.06 25
156 173 8.9 1.02 0.12 33
157 9.6 7.5 035 0.07 22
158 63 7.3 0.22 0.03 39
dx / dc is the change in biomass concentration (g /1) to the change in 
conductivity (mmhos)
I ._____
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DISCUSSION
The data collected show a large variation between individual shake flasks as 
indicated by the large error bars on several of the figures. This large variability is a 
result of the stochastic nature of the branching process as well as the probability of root 
tip death (Ludwig 1995).
Conductivity change of the medium is a convenient means of assaying the 
biomass concentration in a bioreactor (Taya et al. 1989), although this strategy can not 
be used successfully with all species or clones (Kwok et al. 1992). The method was 
found to work very well for the clone used in this work, giving a linear relation 
between change in conductivity and biomass concentration for cultures in shake flasks. 
Data from reactor grown cultures matched this linear relationship although not enough 
reactor data were collected to verity linearity over the whole range.
The growth curves at both 25°C and 30°C exhibited a classical diauxic growth 
pattern, with two growth phases separated by a resting phase. The onset of the resting 
phase matched the time at which glucose concentration had halved and the roots were 
beginning to take up fructose. The resting phase was therefore most likely a true 
diauxic lag caused by a switch from growth on glucose in the initial growth phase to 
growth on fructose in the second growth phase. No initial lag phase was observed. The 
doubling time was 84 hr. during the initial exponential growth phase which falls in the 
range (48 - 168 hr.) determined for hairy roots of other plant species (Wilson et al.
1987). There are two possible reasons for absence of an initial lag phase. The lag phase 
is usually attributed to the fact that the inoculum must switch from the kind of 
metabolism that was present in the old culture in which the inoculum originated to the
I
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metabolism characteristic of the new medium. However, all the inoculum was taken 
from 14 days old cultures grown at 25°C which, as seen from the growth curves, 
preferentially consume glucose over fructose. The inoculum therefore did not need to 
pass through a metabolic switch after transfer to the fresh medium. An additional 
reason for the missing lag phase comes from the dynamics of the root branching 
process (Kim et al. 1995). The tips that make up the inoculum are essentially a root 
from which all the older and therefore non branching parts have been removed. 
Consequently, the inoculum will have the same frequency of branching as the root from 
which it was taken, but will have a smaller biomass. The specific rate of branching of 
the inoculum is thus higher than the specific rate of branching of the roots from which 
the inoculum was taken and the branching dynamics therefore initially shows a 
monotone decrease in the specific rate of branching. The effect of this transient in 
branching dynamics is to counteract or hide any lag phase caused by metabolic 
changes.
It was observed that the medium prior to inoculation contained small amounts 
of fructose and glucose formed by the hydrolysis of sucrose on autoclaving (Ball 1953). 
Sucrose in the medium was hydrolyzed fully to glucose and fructose by day 24. The 
hydrolysis is necessary for the uptake of carbon by the cells of most species and there is 
evidence in the literature that the hydrolysis of sucrose is due to the action of an 
enzyme, invertase, located in the cell wall or excreted into the medium by the cell 
(Sagishima et al. 1989). We observed that flasks with poor biomass growth had 
significant amounts of sucrose and it appears that the hydrolysis of sucrose was 
affected by the amount of biomass. Glucose was consumed preferentially to fructose,
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an observation also made by other authors (Sharp and Doran 1990; Kanabus et al.
1986), but the diauxic lag exhibited for this clone has, to our knowledge, not been 
observed earlier.
Since the cost of the carbon source can contribute significantly to the 
production costs, information on substrate requirements and consumption rates are 
important for estimating metabolic energy costs. Metabolic costs are typically evaluated 
by calculating the amount of carbon utilized for growth and for maintaining the existing 
biomass. A low conversion of carbon to biomass, 25%, was obtained with A 
artemisiifolia hairy root cultures compared with the average of 50% obtained with plant 
cell cultures (Fowler 1982).
TA accumulation closely paralleled growth up to day 36 indicating its synthesis 
is linked to the basal metabolism. TA accumulation took place predominantly during 
growth on glucose while fructose consumption did not result in appreciable TA 
accumulation. In fact, the concentration of TA in the biophase decreased during growth 
on fructose, presumably due to the degradation of thiarubrines. TA synthesis did not 
inhibit growth as is the case for shikonin synthesis in Lithospermum erythrorhizon.
This difference can be explained by the fact that in L  erythrorhizon shikonin particles 
are located in the space between the plasmalemma and cell wall thus inhibiting cell 
growth (Shimomura et al. 1991) while microscopic observations show that TA, in both 
normal and hairy roots of A. artemisiifolia, is located outside the cells, in resin canals 
in the root.
At 30°C, sucrose was hydrolyzed completely at day 44 at which time 0.04 g of 
biomass was present in the flask. At 25°C, complete hydrolysis also occurred at a
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biomass yield of 0.03 g, however, this occurred at day 20. We can conclude that the 
hydrolysis is strongly related to the biomass concentration.
Temperature change is an environmental stress which produce changes in the 
chemical composition of the cell. The cells of the root adapt themselves to changes in 
temperature by changes in lipid metabolism. The changes in the fatty acid content, 
chain length and unsaturation in the cell membrane may be inferred as a change to keep 
the membrane fluidity optimal for growth and metabolism at a given temperature 
(Toivonen et al. 1992). Polyacetylenes are fatty acid derived metabolites, therefore we 
can expect TA, a sulfur derivative of polyacetylene, production to vary with 
temperature.
Our results show that the optimal growth temperature for the A. artemisiifolia 
T4 clone as well as the optimal temperature for TA accumulation is below 30PC. This 
is lower than the temperature observed for growth and hyoscyamine production rates in 
hairy root cultures of Datura stramonium (Hilton and Rhodes 1990) and different from 
the pattern observed for polyacetylene yields in root cultures ofBidens alba which 
showed a decrease in polyacetylene yield but an increase in growth with increasing 
temperatures (Norton and Towers 1986). It is not clear whether TA production was low 
at 30°C because of poor growth or the temperature because TA accumulation is coupled 
with growth.
Light plays a key role in the growth, differentiation, tissue organization and 
production of certain primary and secondary metabolites. Light was observed to have a 
marked influence in the growth and accumulation of thiophene in hairy roots of Tagetes 
patula where biomass yield decreased in the presence of light and the composition of
I
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thiophenes was altered significantly (Mukundan and Hjortso 1991). A similar 
observation can be made for the A. artemisiifolia T4 clone which showed a decrease in 
biomass yield and a complete cessation of TA accumulation in the presence of light. 
Since TA photolyses to the corresponding thiophene when exposed to light (EUis et al.
1995) it is reasonable to speculate that the same happens in the in vitro culture resulting 
in formation of thiophene A. However, in our experiments HPLC analysis showed that 
there was no significant accumulation of thiophene A, suggesting that instead light 
works by suppressing TA formation. Cosio et al. (1986) reported a similar observation 
with crown gall tumors of Chaenactis douglassi cultures which produce Thiarubrines 
and also detected the synthesis of chlorophyll and anthocyanins in the cultures when 
grown in the light. It can be speculated that light has the effect of switching the 
metabolic pathways to the formation of anthocyanins as has been reported in callus and 
cell suspension cultures of various plant species (Seibert and Kadkade 1980). This 
would also explain the change in color, from light pink when grown in darkness to red 
caused by the anthocyanin pigment when grown in light, which we observed in our 
cultures.
The results obtained from conductometry measurements in the reactor suggests 
that this method can be utilized for monitoring the biomass concentration online in a 
fermenter for this system. The characteristics of root growth, namely, the mat formation 
in a reactor as presented in this paper and observed by many others are important in that 
they can provide a rational basis to reactor design and modifications for further 
improvement. The reason for less growth towards the center in contrast to growth 
downwards was because of the liquid velocity being opposite to the direction of growth
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at the top of the reactor. The dynamics of mat formation will be an important factor in 
providing guidelines for reactor design so as to alleviate problems of nutrient transport 
in the entangled immobilized structure of the root mat Kwok and Doran (1995) used 
multiple aeration points for supplying oxygen to the mats because of problems of poor 
mixing. Modifications such as these to overcome problems associated with the 
morphology of hairy roots can be applied in a rational manner if the process of mat 
formation was understood.
The production of TA from hairy root cultures faces numerous challenges in the 
scale-up due to the morphology of hairy root growth. A bioreactor which can support 
growth of roots at high densities without mass transfer limitations will be the 
bioprocess engineer’s target as production of TA seems to be linked to the basal 
metabolism.
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C hapter 3 . ABIOTIC AND FUNGAL ELICITATION OF 
THIARUBRINE A IN  HAIRY ROOT CULTURES OF AMBROSIA 
ARTEM ISIIFO U A.
INTRODUCTION
Thiarubrine A (TA), sulfur heterocycle and phytochemical, is a biologically 
active compound with anti-fungal, antibacterial and anti-viral properties (Ellis et al.
1996). Ambrosia artemisiifolia, a member of the Asteraceae family synthesizes TA 
(Fischer and Quijano 1985), and hairy root cultures of A. artemisiifolia may provide a 
viable process for the large scale production of this compound.
Low yield is the primary reason for the lack of interest in the commercial 
production of secondary metabolites using hairy root culture. Elicitation is the most 
extensively used tool for enhancing secondary metabolite yield and is likely to be an 
integral part of any large scale process for secondary metabolite production. In addition 
to decreasing the time needed to reach a high product concentration, elicitation as a 
process strategy can be easily integrated with other yield enhancement methodologies 
like in-situ product removal (Payne et al. 1991) Elicitation can also be useful in 
elucidation of pathways, a domain of plant science, knowledge which in turn can 
contribute towards industrial production of secondary metabolites by identifying the 
rate limiting steps involved in the biosynthesis.
Elicitors are compounds or treatments that induce plants to synthesize 
phytoalexins at elevated levels (Sixth International Congress for Plant Tissue and Cell 
Culture, 1986). However, there have been reports that the synthesis of secondary 
metabolites other than phytoalexins have been stimulated by elicitors (Eilert and
38
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Constabel 1986; Funk et al. 1987; Tani et al. 1992). Elicitors of non-biological origin 
that induce phytoalexin synthesis, such as heavy metals and ultraviolet light, are 
sometimes termed as abiotic stress to distinguish them from elicitors of biological 
origin, such as fungal and plant cell walls or microbial enzymes. In this work the term 
elicitors refers to both biotic and abiotic elicitors.
The mode of action of the elicitor is complex and there have been many 
hypotheses regarding the mechanism of elicitation (Eilert 1987). Moreover, the 
mechanism of action of biotic elicitors and abiotic elicitors are considered to be 
different. The prediction of the response of a system, plant cell and tissue culture, to an 
elicitor cannot be made as very little is known about most biosynthetic pathways of 
secondary metabolite production and the regulation of the participating enzymes. 
Therefore the majority of the elicitation approaches are empirical. The effect of the 
elicitors depends on many factors. The important factors are the concentration of 
elicitor, growth stage of the culture at the time of elicitation, period of contact and time 
course of elicitation (Eilert 1987). The growth stage of the culture should be chosen so 
as to ensure that the availability of nutrients is not the limiting factor. Conditions which 
were favorable in terms of stimulating secondary metabolism in other systems could 
provide guidelines when optimizing a new system (Eilert 1987).
TA belongs to the group of secondary metabolites called polyacetylenes (PA).
PA are derived from fatty acids, and the biochemistry is known from primary metabolic 
pathway to the synthesis of crepenynic acid. Since most PA are unstable it may be 
difficult to characterize the intermediates, especially the initial compounds with 
conjugated triple bonds formed from fatty acid derivatives (Flores et al. 1988). There is
I
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scarce information regarding the enzymology and regulation of the PA pathway though 
some of the enzymes involved in the biosynthesis of thiophene have been characterized 
(Sutfeld 1988). It was at one time anticipated that lipoxygenase was involved in PA 
biosynthesis (Jente et al. 1988), though this was later proved to be wrong (McKinley et 
al. 1993). In spite of the limited knowledge about the biochemistry and enzymology of 
PA production, elicitation has been used successfully to induce and enhance the 
accumulation of PA.
The synthesis of the PA, phenylheptatryne, was induced in callus cultures of 
Bidens pilosa by a fungal culture filtrate of Phytium aphanidermatum (Dicosmo et al. 
1982). The levels of some PA is increased 20 fold in root cultures of Bidens sulphureus 
when challenged with fungal culture nitrates from P. aphanidermatum and 
Phytophthora dreschleri (Allen and Thomas 1971). Buitellar et al. (1992) increased 
thiophene production in hairy root cultures of Tagetes patula by using mycelial extracts 
of Phytophthora megasperma, Aspergillus niger, Pencillum expansum and Fusarium 
oxysporum. Mukundan and Hjortso (1990a, 1990b) increased thiophene accumulation 
in hairy root cultures of T. patula using both pathogenic and non-pathogenic fungi. 
Vanadyl sulfate was an effective elicitor in enhancing the thiophene accumulation in 
hairy root cultures of T. patula (Hjortso and Mukundan 1994).
Most of the studies performed to examine the effectiveness of elicitors on a 
particular clone or cell line did not attempt to study all the important factors and their 
interactions and hence some of their conclusions could be coincidental. This is 
probably due to the large number of experiments required for such a study. A factorial 
design would be the solution to the design of experiments as it would provide the
I
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necessary information in a minimum number of runs. Statistical principles need to be 
applied for data analysis in the biological sciences as it is difficult to duplicate 
experimental conditions besides the heterogeneity in the experimental mater and 
numerous causes for data variability, ha previously published literature on elicitation 
there have been very few instances where the experimental data have been processed 
statistically to obtain conclusive results.
In this work we investigate the use of fungal and abiotic elicitation as TA yield 
enhancement strategies using factorial design. The organisms chosen for the fungal 
elicitation includes fungi both pathogenic and non pathogenic to the model system. The 
objective is to obtain a better insight in to the relationship between the factors involved 
in the elicitation process and their effect on the yield in each of the cases thus exploring 
the mechanism of TA accumulation and synthesis. The factors to be considered here 
are the concentration of elicitor, time of contact with elicitor and growth stage of the 
culture. The chosen fungi in this work are, Protomyces gravidus, a pathogen causing 
galls on the stem of A. artemisiifolia (Reddy et al. 1975) and Botrytis cinereae. The cell 
walls of Protomyces sp. is composed of glucan and a mannose derived polysaccharide 
(Reddy et al. 1975) whereas the cell wall composition of Botrytis sp. is chitin and 
glucan (Bartnicki'Garcia 1968). Fungal elicitation experiments were done using cell 
wall filtrates of B. cinereae and P. gravidus. Abiotic elicitation experiments were done 
with vanadyl sulphate solutions. The results obtained are applicable towards the 
preliminary stages of the empirical optimization of the elicitation process for the 
chosen system. It was found that all the elicitors stimulated the accumulation of TA.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
42
MATERIALS AND METHODS 
Root Cultures
The hairy clone A. artemisiifolia T4 was a gift from Dr. Hector Flores, 
Pennsylvania State University, USA. MS (Murashige and Skoog, 1962) basal medium 
with Gamborg’s vitamins (Gamborg et al. 1968) (Sigma # M 0404) was the culture 
medium for all the experiments. Sucrose (30 g/1) was added and the pH adjusted to S.7 
- S.8 using 0. IN KOH / 8.5% phosphoric acid prior to autoclaving.
Elicitation
Abiotic elicitation: 0.5 g of vanadyl sulphate trihydrate (VST) (Aldrich # 20,486-2) 
was dissolved in deionized distilled (DD) water to make a solution of 20 g/1. This 
solution was filtered through a 0.2 Jim (CA membrane-Costar) to obtain the stock 
solution.
Fungal elicitation: B. cinereae was obtained from ATCC (ATCC # 26806). in a test- 
tube containing solidified potato dextrose (PD) agar medium. PD broth was prepared 
by dissolving the dehydrated medium (Difco #0549-17) in DD water in the ratio of 24g 
for a liter of solution. It was autoclaved at 121°C for 15 min. A liter of PD broth was 
inoculated with 10 loops of B. cinereae mycelium from the test tube. It was initially 
aerated on a shaker (110 rpm) and then incubated without shaking at 25°C until a 
substantial mass was formed. The mycelium mass was filtered from the broth using 
cheesecloth and was washed thoroughly with DD water. It was homogenized using a 
(Omni 5100) homogenizer. This solution was autoclaved at 121°C for 30 minutes. The 
solution was filtered using a sterile cheesecloth. The filtrate was stored in the freezer.
The cell wall filtrates used in fungal elicitation were quantified in terms of the
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concentration of reducing sugars present by the dinitrosalicyclic acid reagent method 
(Miller 19S9). The protocol in Chaplin (1994) was used for the above assay. 128.3 ml 
of 1 raM glucose equivalent solution was obtained.
P. gravidus was obtained from ATCC (ATCC # 64066) and was maintained in 
YM broth. YM broth was made by dissolving dehydrated YM broth (Difco # 0711) in 
water in the proportion (21 g : 1 liter solution). The solution was dispensed into shake 
flasks (40 ml solution in 125 ml) and was autoclaved at 121°C. The flasks were 
inoculated with P. gravidus and were grown at 110 rpm in the dark till there was 
substantial growth (25 days).The contents of the flask were centrifuged for 33 min. at 
5°C from 2000 rpm - 6000 rpm. The media was poured off and replaced with DD 
water. This solution was centrifuged for 10 minutes at 6000 rpm and 5°C. The wash 
solution was poured off and fresh DD water was added. The wash process was repeated 
twice. The cells were separated from the water. Cell disruption was done by adding 
liquid nitrogen in to a mortar containing the biomass and grinding it to a paste with a 
pestle. The paste was then autoclaved for 30 min. The solution was filtered using a 
cheese cloth. This solution had to be vacuum Altered using 0.2 pm (Nylaflow-Gelman 
Sciences) as it would not pass easily through a 0.2 pm Alter (CA membrane-Co-star). 
Since reducing sugar was not detected in the Altrate the solution was concentrated in a 
rotavapor till the amount of reducing sugar in the cell wall Altrate could be quantiAed. 
282.63 ml of 0.1 mM glucose equivalent solution was obtained using the protocol in 
Chaplin (1994).
Experimental Design: The study of the effectiveness of elicitors and the process 
optimization was carried out with 3 independent variables using a 4*3*3 (concentration
i
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*age*time) experimental design. One of the 4 levels in concentration was the control.
The same experimental design was used in all the cases. The concentrations used were 
SO, 2S0 and 1000 mg/1 for abiotic elicitation 0.5,5 and 50 pM for B. cinereae cell 
filtrate and 0.05,0.5 and 5 pM for P. gravidus respectively plus a control. The values 
of the age were 16,28 and 36 days and time period of exposure was 12,48 and 72 
hours. Each experiment was done twice. The values of the variables were obtained 
from previous experiments done by the authors on the model system and work done on 
elicitation by other researchers. The chosen concentration of the abiotic elicitors were 
decided based on work of other researchers (Hjortso and Mukundan 1994; Smith et al. 
1987). The concentration of the cell wall filtrates was limited by the amount extracted. 
The production kinetics curve (the plot of TA concentration vs. time) of A. 
artemisiifolia was used to determine the ages of the culture to be used for the 
experiments. The time period used was a subset of the guidelines given by Eilert 
(1987).
Inoculum and Process conditions: The inoculum for the elicitation experiment was 
made of tips of roots (1.5 - 4.0 cm) grown in the dark for 14 days at ambient 
temperature and 110 rpm. Each flask was inoculated with four tips so that sufficient 
biomass could be obtained for secondary metabolite analysis.
To obtain the desired concentration of elicitor in the medium, the residual 
medium volume in the shake flask must be known. This was determined to be 48,42, 
and 35ml after 16,28 and 36 days of growth provided the inoculum consisted of 4 root 
tips and the roots were grown at 25°C and 120 rpm. The stock solution of the elicitor 
was passed through 0.2 pm filter (CA membrane-Costar) and pipetted in to the shake
i
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flask so as to obtain the desired final concentrations. Control flasks received sterile 
water. Elicitors were added to flasks after 16,28, and 36 days and were harvested at 
periods of 12,48 and 72 hours.
Harvest and extraction: The roots were harvested and then rinsed in DD water. A small 
mass of roots (ca 10 tips) were rinsed thoroughly in sterile water and placed in flesh 
MS medium in two erlenmeyer flasks to be tested for viability in the case of abiotic 
elicitation. The results were classified as viable if both flasks showed growth, non- 
viable if both died, and partially viable if one of the two flasks showed growth. The 
roots were extracted by soaking them in excess of dichloromethane (DCM) for 24 
hours. After removing the roots the water was separated from the mixture and the DCM 
solution concentrated by rotary evaporation in vacuo and the residue was dissolved in 
acetonitrile.
TA analysis
The acetonitrile solution obtained in the previous step was Altered using a 0.2 
pm nylon membrane Alter. The analysis was performed on a Shimadzu HPLC 
furnished with a Diode Array Detector (SPD-M6A), autoinjector (SIL-6B) and a PC. A 
reverse phase (Spherex 10) C8 (250 * 4.6 mm) column (Phenomenex) at 35°C was 
used to perform isocratic elution with acetonitrile: water mixture (74:26). The flow 
rate was 0.5 cm3/minute. A standard curve was obtained by repeating the same 
procedure for different concentrations of the standard. The secondary metabolite TA 
was identifled from the ultraviolet (UV) spectra and retention time. The quantiflcation 
was done using the standard curve.
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Data Analysis
The results from each of the three experiments, namely, abiotic and the two 
fungal elicitation, were analyzed by a 3 way ANOVA (Analysis of Variance). The 
results were interpreted as statistically significant for p < 0.05. The magnitude of a 
treatment effect was determined by R2. Tukey’s HSD (Honestly Significant Difference) 
test, with a p value of 0.0S, was the multiple comparison procedure used to further 
dissect the results to determine the difference between the levels of treatment, hi the 
case of an interaction between the independent variables, the results were interpreted by 
performing an one way ANOVA, i.e., by changing only one factor while holding the 
other significant factors constant, and tested for simple (individual) effects using the F- 
value. This was computed as the ratio of mean square corresponding to the treatment to 
the mean square value representing the error variability from the entire sample as 
opposed to using the value corresponding to the error variability computed by the one 
way ANOVA in the denominator of the ratio used to calculate the F-value (Hatcher 
1994). The above procedure was then iterated over all possible combination of 
significant factors to determine the corresponding simple effects.
RESULTS 
Abiotic elicitation
The viability tests showed that cultures treated with 50 mg/1 of vanadyl sulfate 
were viable at all the ages for all time periods of exposure. Cultures treated with 250 
mg/1 were viable at 28 and 36 days of age for all time periods of exposure, viable at 16 
days for 48 hours, and were partially viable at 16 days for 12 and 72 hours. The results 
of the viability test for cultures exposed to 1000 mg/1 are shown in Table 3-1.
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Table 3-1. Viability of hairy root cultures of A. 
artemisiifolia T4 cultures of different ages on exposure to 
1000 m g/1 vanadyl sulfate solution for varying time 
periods.( V= viable, PV= partially viable, NV= nonviable, 
T= time in hours)
Age (days)
T 16 28 36
12 V V V
48 PV NV V
72 NV NV PV
Analysis revealed a significant interaction between concentration of elicitor and 
age of the culture, concentration of elicitor and time period of exposure, and age of the 
culture and time period of exposure. See Table 3-2. The corresponding p and R2 values 
were p < 0.0001 and 0.259, p < 0.0002 and 0.215, and p < 0.0076 and 0.095. The 
combined effect of the 3 variables had a strong effect on the yield (R2 = 0.071) but was 
not statistically significant (p > 0.05).
Successive analyses revealed the simple effects of concentration of the elicitor, 
age of the culture and time period of exposure. Concentration of the elicitor exhibited 
simple effects at the following culture ages [day] and time periods of exposure [hour], 
(16,48), (16,72), (28,48), (28,72) and (36, 12).
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Table 3-2 ANOVA table for the study examining the effect of age, 
elicitor concentration and time of exposure on the yield of TA in 
hairy root cultures of A. artemisiifolia T4 using vanadyl sulfate 
solution, (df is the degree of freedom; x * y represents interaction 
term between x and y.)
Source df p value R*
Conc.(C) 3 0.0056 0.086
Age(A) 2 0.0057 0.0699
Time(D 2 0.7488 0.003
C*A 6 0.0001 0.259
A*T 4 0.0076 0.095
T*C 6 0.0002 0.215
C*A*T 12 0.4396 0.071
Time period of exposure displayed a simple effect at (culture age [day], elicitor 
concentration [mg/1]) of (16,50), (28,50), (36,250) and (36,1000). Age of the culture 
exhibited simple effects at the following elicitor concentration [mg/1] and time period 
of exposure [hour], (0,48), (50,48), (50,72). There was an 8 fold increase in the TA 
yield as compared to the controls when cultures of age 16 days was challenged with 50 
mg/I of vanadyl sulfate for a time period of exposure of 72 hours. See Fig. 3-1.
I
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Figure 3-1. TA yield in biomass of 16 day old hairy root cultures o f A. 
artemisiifolia when challenged with vanadyl sulfate, at 48 and 72 hour exposure 
times.
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Fungal elicitation
B. cinereae. Analysis revealed a significant interaction between concentration 
of the elicitor and age of the cultures. See Table 3-3. The corresponding p and R2 
values were p < 0.0001 and 0.231. The combined effect of the 3 variables had a strong 
effect on the yield, R2 = 0.098, but was not statistically significant (p > 0.05).
Later analysis indicated the simple effect of concentration of the elicitor on the 
yield at ages of 16 and 28 days. There was an 3 fold increase in TA yield as compared 
to the controls when cultures of 16 days were challenged with 0.5 pM of the cell wall 
filtrate, by averaging the response over all time periods of exposure. This was done 
because the effect of time period of exposure was not a significant factor as shown in 
Table 3-3. The nature of the response of 16 day old cultures for all the time periods of 
exposure is shown in Fig. 3-2. Age of the cultures had a simple effect on TA yield at all 
the levels of elicitor concentration.
P. gravidus. There was a significant main effect for time period of exposure and 
a significant interaction effect between concentration of the elicitor and age of the 
culture as shown in Table 3.4. The corresponding p and Rz values were p < 0.0003 and 
0.097 and p < 0.0003 and 0.167. The yield increased on increasing the time period of 
exposure from 12 hours to 48 hours and did not increase further.
The simple effect of concentration of the elicitor on TA yield was demonstrated 
by successive analyses at age 16 days and 28 days. The TA yield was higher (3 fold 
over control) when 16 day old cultures were challenged with elicitors but were the 
same as the controls for 28 day old cultures as determined by Tukey’s HSD test. The 
maximum yield increase was 8 fold as compared to the controls at an age of 16 days
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Table 3-3. ANOVA table for the study examining the effect 
of age, B. cinereae cell wall filtrate concentration and time of 
exposure on the yield of TA in hairy root cultures of A. 
artemisiifolia T4. (df is the degree of freedom; x* y 
represents interaction between x and y).
Source df p value R2
Conc.(C) 3 0.0045 0.094
Age (A) 2 0.0001 0.276
Time CD 2 0.1803 0.022
C*A 6 0.0001 0.231
A*T 4 0.7249 0.012
T*C 6 0.1994 0.055
C*A*T 12 0.2367 0.098
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Figure 3-2. TA yield in biomass of 16 day old hairy root cultures of A. artemisiifolia when 
challenged with autoclaved cell wall filtrate of B. cinereae at exposure times of 12,48 
and 72 hours.
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Table 3-4. ANOVA table for the study examining the effect 
of age, P. gravidus cell wall filtrate concentration and time 
of exposure on the yield of TA in hairy root cultures of A. 
artemisiifolia T4. (df is the degree of freedom; x * y 
represents interaction between x and y ).
Source df p value R*
Cone. (Q 3 0.0037 0.078
Age (A) 2 0.0001 0.337
Time(T) 2 0.0003 0.097
C*A 6 0.0003 0.167
A*T 4 0.2032 0.03
T*C 6 0.1763 0.046
C*A*T 12 0.2607 0.075
(Fig. 3.3) when the cultures where elicited with S pM of the elicitor for a period of 72 
hours. Age of the culture had a simple effect on TA yield at all levels of elicitor 
concentration and the effect of culture age was most pronounced with elicitor 
concentrations of 0.5 pM and 5 pM. TA yield declined continuously with increasing
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Figure 3-3. TA yield in biomass of 16 day old hairy root cultures o f A. artemisiifolia 
when challenged with autoclaved cell wall filtrate of P. gravidus at exposure times of 
12,48 and 72 hours.
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culture age in the former case and the yield decreased from 16 days to 28 days and did 
not decrease further in the latter case as indicated by Tukey’s HSD test 
DISCUSSION
It can be concluded from the results that the elicitation strategy developed in 
this study was successful in all the three cases. The optimum concentration and time 
period for elicitation with vanadyl sulfate in this experiment was around 50 mg/1 and 72 
hours for culture of age 16 and 28 days and 250 mg/1 and 72 hours for culture of age 36 
days. The viability tests showed as expected that viability increased with age of culture, 
an indication of amount of biomass formed, and decreased with vanadyl sulfate 
concentration and exposure time. At concentrations of 50 mg/1, the root cultures 
remained viable at all times and the elicitation effect was the greatest observed. This 
indicates that there is nothing to be gained by increasing elicitor concentration to the 
point where the viability may be damaged.
Fungal elicitation with the cell wall filtrate of B. cinereae was successful in 
stimulating secondary metabolite synthesis as seen from the statistical analysis.
However the effect was significant only at 16 and 28 days with the lowest 
concentration (0.5 pM) being effective at 16 days and the highest concentration (50 
|iM) being effective at 16 and 28 days. For a 16 day old culture (average biomass 
0.02g) a saturation type of response was obtained as shown in figure 3-2. There are 
several reasons why this could happen; the enzymatic capacity could be saturated, the 
resources allocated to the pathway may be saturated or the ability of the tissue to 
perceive the elicitor may be saturated (Singh et al. 1994). 50 jiM was effective with 
culture of age 28 days ( average biomass 0.13g) but not effective with cultures of age
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36 days (average biomass 0.15g). Because the amount of biomass in the 28 day and 36 
day cultures differed only little, it is not reasonable to assume that the failure of 
elicitation of 36 day old cultures is due to the slightly larger biomass of these cultures 
as compared to the 28 day cultures. Assuming that the concentration of elicitor required 
to stimulate secondary metabolite production increases with biomass it is unlikely that 
a higher concentration of elicitor would be effective in this case. A more likely reason 
for the failure of the elicitation in 36 day cultures could be that the induction of 
secondary metabolite synthesis may have already taken place in cultures of this age. It 
is suggested that the cultures be challenged with elicitor during the early stages of 
growth as induction of secondary metabolite accumulation may have already taken 
place by the later stages. It is also possible that some of the nutrients in the medium that 
are required for secondary metabolite syntheses may be depleted at 36 days.
Exposure time was an important factor irrespective of culture age and elicitor 
concentration in the elicitation with fungal cell wall filtrates of P. gravidus. The 
minimum exposure time for this fungal model system to be effective could be 
concluded to be around 48 hours. The elicitor had a positive effect only with cultures of 
age 16 days (avg. biomass of 0.02 g). It is possible that a higher elicitor concentration 
could have been effective for cultures of age 28 and 36 days whose average biomass 
was 0.07g and 0.19g respectively. However, at 16 days there was no difference in the 
response with concentration of elicitor, indicating saturation of the system, even at the 
lowest elicitor concentration. If the response was following saturation behavior we 
could have then concluded that the dosage administered to the cultures was high.
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The results obtained in this study, significant factors and interactions, can guide 
the course of future experiments to locate the optimal region of the elicitation process 
of hairy root cultures of A. artemisiifolia for TA production. There was significant 
interaction between elicitor concentration and culture age in all the three cases, abiotic 
as well as fungal elicitation. It would be interesting to know whether the elicitation 
phenomenon was dependent on the physiological state of the cell or not. This would 
help determine the effect of culture age on the elicitation process because of the 
transient nature of the cell physiology in a batch culture. The effect due to the" bulk " 
or the biomass concentration also needs to be investigated as it could guide the scale-up 
of elicitation processes. Observations which were common to all the three cases could 
provide information on the secondary metabolite pathway in addition to providing 
guidelines to find the optimal conditions of the elicitation process.
The observation that exposure time was a significant factor regardless of culture 
age and elicitor concentration was made in the fungal elicitation with P. gravidus 
cultures only. This observation may be a result of the fact that, of the three elicitors 
tested, only P. gravidus is a pathogen o f A. artemisiifolia. There are many different 
ways by which pathogens prevail over the resistance offered by the host, such as 
detoxification of phytoalexins, secreting phytotoxins, becoming tolerant to high 
concentration of phytoalexins or growing without triggering host defenses (Darvill and 
Albersheim 1984). It has been documented by Albersheim and Valent (1984) that an 
infection caused by a compatible or infective pathogen can be contained if the plant is 
given a headstart by triggering phytoalexin accumulation by exposing it to a proven 
elicitor of the model system. It must be noted that in natural systems an infection
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caused by a pathogen cannot be contained and a time period exists between the time of 
infection and the accumulation of phytoalexins. Therefore it was hypothesized that a 
rapid accumulation of phytoalexins in adequate amounts could deter the growth of an 
otherwise compatible (infective) pathogen in certain cases (Darvill and Albersheim 
1984). There is a reference in the literature (Doke and Tomiyama 1980) where the 
secretion of a water soluble glucan by potato blight fungus Phytophthora infestans in 
liquid culture suppresses the host defense mechanism. A similar mechanism may be in 
play here. Since a 48 hour exposure time was required for the stimulation of TA 
(phytoalexin) production in the case of a pathogen (P. gravidus) and exposure time was 
not an factor with B. cinereae, it is possible that a component of the P. gravidus cell 
wall filtrate is able to delay the accumulation of phytoalexins, either by detoxifying the 
compound or by delaying triggering of the synthesis. It can be concluded that whatever 
component present in the P. gravidus cell wall filtrate which is responsible for this 
effect is not deactivated by temperature as the autoclaving during the preparation of the 
elicitor denatures all heat labile compounds present in the cell wall filtrate. The 
behavior of B. cinereae cell wall filtrate is similar to that of the entire organism 
observed in nature where it is not pathogenic to A. artemisiifolia due to the prompt 
syntheses of antimicrobial TA (phytoalexin).
The results we have obtained with fungal elicitation are in agreement with the 
results obtained by Mukundan and Hjortso (1990b) that both pathogenic and non- 
pathogenic fungi enhance secondary metabolite accumulation. The stimulation of TA 
secondary metabolism with the purified, chemically defined components of the fungal 
cell wall filtrate needs to be further investigated with respect to the relation between the
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environmental conditions, enzymes involved in the pathway and the rate of the overall 
physiological process to obtain an exact picture of the elicitation process. Biotic 
elicitation using microbially derived elicitors is an adequately experimented system for 
enhancing secondary metabolite accumulation in spite of the cumbersome preparation 
procedures and the fact that the constituents are not chemically well defined. Being a 
biological system it can be further optimized, i.e., different strains, different nutrient 
composition, different ages of culture, better extraction procedures for carbohydrates, 
etc. Abiotic elicitation using vanadyl sulfate has the advantages of being cheap, well 
defined and easy to prepare. In secondary metabolite production using microorganisms, 
over expressing genes coding the enzyme linking primary to secondary metabolism 
results in increased production of secondary metabolite. These link enzymes are not the 
deciding factor in the stimulation of secondary metabolite in plant systems (Galneder 
and Zenk 1990). Moreover, there may be no clear rate limiting enzyme in secondary 
metabolism of plant systems if the enzymes are coordinately regulated (Luckner and 
Diettrich 1990). We can still use elicitation as a tool to increase secondary metabolite 
productivity by using an empirical approach although the mechanism of this 
commercially useful process strategy is complex.
Empirical optimization of the elicitation process using hairy root cultures can be 
accomplished successfully by following the methodology described in this article. A 
factorial design could be used to find the significant factors and interactions and by 
repeated factorial design the region containing the optimum can be obtained. A 
mathematical (polynomial) model can be then developed by doing further experiments 
using the factorial design in this region and the optimum can be found by using the
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techniques of optimization - analytical, graphical etc. The optimum can then be 
validated by checking it with experimental data.
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Chapter 4 . METHODS USED TO OBTAIN HIGHLY 
PRODUCTIVE HAIRY ROOT CLONES OF AMBROSIA 
ARTEMISIIFOLIA FOR THIARUBRINE A PRODUCTION.
INTRODUCTION
Thiarubrine A (TA), a deep red phytochemical produced by members of the 
Asteraceae family, has useful antifungal and antibacterial properties and therefore is a 
compound of commercial interest (Ellis et al. 1995). Hairy root cultures of Ambrosia 
artemisiifolia may be a viable alternative for large scale production of TA to field 
grown plants and cell cultures because of their inherent genetic stability, rapid growth 
in phytohormone free media and consistent product accumulation at high levels. A 
prerequisite for industrial production is the availability of highly productive clones, 
namely high yielding and fast growing clones. There are many sources to secure the 
pool of variability essential for screening and selection strategies so as to obtain the 
desired hairy root clone. These include initiating hairy root cultures from a wide range 
of cultivaars (Kinnersley and Dougall 1980) and the variability implicit in the 
transformation of the plant cells to obtain hairy root clones (Mano et al. 1989). 
However an easier way to induce variation is to obtain a single clone and disorganize 
the otherwise genetically stable culture by the addition of phytohormones. This leads to 
callus / cell suspension formation which is genetically heterogeneous due to factors 
such as somaclonal variation. By transferring the cell suspension /  callus to a hormone 
free media a large pool of variant regenerated hairy root clones can be obtained.
A conclusion made by previous researchers while attempting to obtain variant 
clones was that the addition of phytohormones might not completely disorganize the 
root and there could be some differentiated root meristem present in the callus (Furze et
61
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al. 1987). When transferred to basal media, these meristems would produce root clones 
which, as they are mericlones, are true to the original parent line. Mericlones are used 
commercially in plant propagation for ensuring genetic uniformity. Thus to assume 
formation of genetic variation in regenerated hairy roots, these must be preferably 
obtained from suspension or protoplast culture (Furze et al. 1987)
The only ways of ensuring the absence of differentiated root meristem in a cell 
suspension is by single cell or by protoplast culture. The procedure of protoplast culture 
is not well documented for this species, i.e., A. artemisiifolia, and single cell culture is 
a difficult task because of problems of inducing division in single cells as plant cells 
require a minimum inoculum density to grow. Medium requirements are critical for the 
case of low density cell cultures, implying the need for conditioned medium or nurse 
cultures. Gelling agents used for plating, a technique which facilitates large scale 
screening and selection with minimum space requirements, play an indirect role in cell 
division with regard to the gelling temperature (Street 1973). It is also recommended 
that the clump or cell cluster be reduced to a size at which the cells can divide and grow 
(Gonzales and Widholm 1985).
The method of cell cloning, by single cell or cell aggregates, is widely and 
successfully used to obtain high yielding cell lines for pigment production because easy 
methods of selection, visual or spectrophotometric analysis, are available. The 
method can be applied in our case with certain restrictions. A significant limitation of 
the method, in addition to the fact that only a fraction of the genetic information is 
being expressed in a dedifferentiated cell, is that selection for the desired characteristics 
at the cell level does not imply the presence of the same in the regenerated organ. This
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may happen because the characteristic may or may not be a phenotype of the 
regenerated organ (Berlin and Sasse 1985). Moreover, high yielding cell lines, in the 
case of plant cell cultures, are obtained by culturing the callus for long periods so as to 
obtain variants by somaclonal variation and by repeated subculturing of these selected 
cell colonies (desired). However, since root cultures have to be regenerated from callus 
or cells, extended periods in the callus or cell state have to be avoided as they have 
been known to decrease regeneration capacity (Seabrook 1980).
In this article we report on the techniques used to obtain variant, highly 
productive, regenerated hairy root clones. Biomass concentration and yield of 
secondary metabolite accumulation were the criteria used in screening. An attempt was 
made to increase the genetic heterogeneity in the cell suspension by subjecting it to 
physical mutagens. This was done by exposing the cell suspension of A. artemisiifolia 
to ultraviolet (UV) radiation before plating.
MATERIALS AND METHODS 
Root Cultures
The hairy root clone A. artemisiifolia T4 was a gift from Dr. Hector Flores, 
Pennsylvania State University, USA. MS (Murashige and Skoog, 1962) basal medium 
with Gamborg’s vitamins (Gamborg et al. 1968) (Sigma M0404) was the culture 
medium for all the experiments. Sucrose (30 g/1) was added and the pH adjusted to 5.7 
- 5.8 using 0. IN KOH /  8.5% phosphoric acid prior to autoclaving of the medium.
These cultures were maintained in liquid MS medium at 110 rpm at ambient 
temperature in the dark.
i _ _ _
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Development of medium for disorganization.
Several MS media containing a combination of auxin, a-NAA (Sigma N1145) 
and cytokinin, 6-BAP (Sigma B9395) in the range of 1 - 1000 mg/1 and 0 - 500 mg/1, 
respectively were made. Solid media was used instead of liquid because callus 
formation could more easily be observed on this media.
Different medium formulations were tested for their ability to disintegrate the 
organized structure of the root and thereby obtain callus formation. MS medium 
containing the hormone combination were made as described above with 2 g/1 of 
Phytagel (Sigma P8169) dissolved by heating and stirring. The solution was 
autoclaved for 30 min. The medium was poured into sterile petri dishes (Baxter 0106) 
and allowed to cool and solidify. The plates were inoculated with roots of length (1 -4  
cm) and were kept in the dark at 25°C. Calli formation was noticed with plates with a- 
NAA and 6-BAP concentration of (2.5,0.1), (1,0.5), and (1,1) mg/1, labeled R, B, and 
G respectively. These calli were allowed to grow in the dark at 25°C.
Somaclonal Variation
1) Solid phase - Callus
The calli obtained by the above method were transferred to solid basal medium 
to obtain hairy root clones.
2) Liquid phase - Plating of cell aggregates from cell suspension.
After 3 weeks the callus cultures were transferred to an agitated liquid culture 
medium of the same composition in order to obtain cell suspension cultures. After 
approximately two months, the cell suspension was plated by the spread plate and pour
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plate methods using phytagel (Sigma P8169) and low gelling temperature agarose 
(Sigma A6560), respectively.
i) Spread plate on MS phytagel plates.
Cell suspensions of different cluster sizes were spread on the gelrite plates using 
a cell spreader. The different clump sizes were less than 3500,610 and 190 pm . These 
were obtained using a wide mouth pipette (10 ml Pyrex), 1000 pi pipette tip 
(Eppendorf) and a sieve of 190 pm (Sigma S3770) respectively.
ii) Pour plate method using agarose (using synthetic and non-synthetic media)
Cell suspensions of cluster sizes less than 3500,610, 190 and 73 pm were 
plated with an equal volume of an synthetic medium containing agarose to give a final 
agarose concentration of 0.8%. The cell suspension with maximum clump size of 73 
pm was obtained by treating the cultures with pectinase (Sigma P4300) solution 
(0.05%), for 24 hours prior to filtering with a 73 pm sieve (Sigma S4145). Experiments 
were also done using nurse cultures. A callus was placed in a cloning cylinder (Sigma 
1059) at the center of the plate to provide the nursing effect. Conditioned media 
obtained by growing cells for a week was also used in a experiment to promote cell 
division. This medium was mixed with an equal volume of synthetic medium as 
described above.
Mutation by exposing to Ultraviolet (UV) radiation
Cell suspensions were centrifuged or filtered and the original medium decanted. 
The cells were then suspended in fresh medium. Aliquots of these cell suspensions 
which were spread as a thin layer in a magenta vessel and irradiated with ultraviolet
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(UV) light from a germicidal lamp (Sylvania G30T8). The exposure was estimated to 
be 200 and 1125 ergs/mm2 of wavelength 253.7 nm using the manufacturers 
specification. After irradiation, the medium was removed and replaced with the original 
medium to provide a conditioning effect when plated with an equal volume of fresh 
medium containing agarose as done previously. After irradiation with UV the ensuing 
procedure was done in dim light Experiments were done with different clump sizes, 
medium formulations and modes of cell separation, namely, centrifuging and filtering 
Conditions for callus growth and initiation, and regeneration of hairy root clones
The petridishes containing the plated cell suspensions and callus were kept in 
the dark at 25°C. The plates were examined at regular intervals for callus formation in 
the case of plated cell suspension. The calli obtained were transferred to solid MS 
media plate cultures.
Screening of regenerated roots for growth and TA accumulation
The regenerated roots were transferred to solid MS media and after typically 4 
weeks the clones were transferred to liquid basal medium. The inoculum used for the 
assessment test was composed of 4 root tips, 1.5-4 cm, in length and grown in the 
dark at ambient temperature, 110 rpm for 14 days. Four root tips of length 1.5 - 4 cm 
were excised from the above inoculum and were grown at 25°C, 120 rpm for 24 days 
in the dark. The temperature and light conditions were previously optimized conditions 
with the parent clone for TA accumulation. The roots were then harvested and the mats 
soaked in excess of dichloromethane (DCM) for 24 hours. The dry weight of the mat 
was obtained after drying.
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Analytical methods
The DCM solution in which the root mat was soaked for 24 hours was 
evaporated by rotary evaporation in vacuo after removal of water. The residue was 
dissolved in a known amount of acetonitrile. The solution was passed through a 0.2 pm 
nylon membrane filter. The nitrate was analyzed by HPLC. The analysis was 
performed on a Shimadzu HPLC furnished with a Diode Array Detector (SPD-M6A), 
autoinjector (SIL-6B) and a PC. A reverse phase (Spherex 10) C8 (250* 4.6 mm) 
column (Phenomenex) at 35°C was used to perform the isocratic elution with 
acetonitrile: water mixture (74:26). The flow rate was 0.5 ml/min. The secondary 
metabolite thiarubrine A was identified from the UV Spectra and retention time. The 
quantification was done using the standard curve obtained using known concentration 
ofTA.
RESULTS
Somaclonal Variation
14 regenerant hairy root clones were obtained by disorganizing the root 
structure into a callus and then transferring it to basal medium. The calli initiated from 
R were the most friable. Of the 14 clones 1 was obtained from B, 2 from G, and 11 
from R. 44 clones were obtained by plating the cell suspension obtained by 
disorganizing the parent hairy root clone. The results of the experiments are 
summarized in Tables 4-1 and 4-2. Of the 44 clones obtained 4 were from B medium 
and the rest from R medium, hi the latter case a root arose from a callus, grew and later 
callused in the dish before the transfer to the basal medium. Thus callus was obtained 
from both the plated cell suspension and the regenerated root. Unfortunately the two
I
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Table 4-1. Observed somaclonal variation with spread plate 
method.
Medium Size less 
than
Callus
formation
Regeneration
R3,G 3.5 mm RandG in R*
R,B 610 pm all none
R,B 190 pm none none
* clone not analyzed
types of calli were not classified. Hairy roots were regenerated from calli of the other 
media (Tables 4-1 and 4-2). They were not analyzed because they were formed very 
late from apparently dried callus material. The calli were colored (red) only when there 
was organization, i.e., roots arose from the callus. However, only 41 clones were 
analyzed because of the above mentioned reason and losses incurred during the process 
of analysis.
Mutation by exposing to UV radiation
Table 4-3 depicts the results of the experiment done with UV radiation. No 
colonies and hence no regenerated clones were obtained.
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Table 4-2. Observed somaclonal variation with pour plate method.
Medium Size less than Conditioning Callus formation Regeneration
R,B,G 3.S mm Cell suspension all inB
R,B,G 610 jim Cell suspension all in R
R,B,G 190 Jim Cell suspension in R and B inB*
R,B,G 73 p.m Cell suspension none none
B,R 3.5 mm and PCD 
113,975,225/ml
Conditioned
media
none none
B 73 jtm & PCD of 
375 & 600/ml
Nurse cultures Near nurse 
cultures
none
* clone not analyzed; PCD is plated cell density;
■j _
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Table 4-3. Results of mutation experiment using UV 
radiation with pour plated cell suspension.
Medium Size less 
than
Dose (ergs / 
mm2)
Callus
formation
B* 190 pm 200 & 1125 none
G* 190 pm 200 & 1125 none
R 3.5 mm 200 none
* indicates cells centrifuged for separation, 
otherwise filtered.
Analysis of regenerated hairy root clones
The results of the analysis are shown in Figs. 4-1 and 4-2 for hairy root clones 
regenerated from solid phase transformation only. Fast growing clones rather than high 
yielding clones as compared to the parent clone were obtained (Fig 4-1). One of the fast 
growing clones had the same secondary metabolite yield as the parent clone but thrice 
the biomass yield. Figs.4-3 and 4-4 depict the results of the analysis of clones obtained 
from plated cell suspension. Clones with thiarubrine yields 2 -3  times that of the parent 
clones were obtained. However their biomass yield was very low compared to the 
parent clone.
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Figure 4-1. Biomass concentration of clones obtained from screening of clones 
obtained through solid phase transformation of the hairy root culture of A. 
artemisiifolia T4.
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Figure 4-2. TA concentration in biomass of clones obtained from screening of 
clones obtained through solid phase transformation of hairy root culture of A. 
artemisiifolia T4.
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Figure 4-3. Biomass concentration of clones obtained from screening of 
clones obtained from plated cell suspension of the hairy root culture of A. 
artemisiifolia T4.
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Figure 4-4. TA concentration in biomass of clones obtained from screening of 
clones obtained from plated cell suspension of the hairy root culture of A. 
artemisiifolia.
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DISCUSSION
From the results of disorganization and regeneration from solid phase 
transformation it is apparent that R, a hormonal medium with low concentration of 
cytokinin, is the best medium for production of somaclonal variants. It is also superior 
to the other media tested here in the sense that it produced the most friable callus. 
Friability is desirable because the extent of chromosomal variation in callus tissue is 
maximum in friable, growth uncentralized and rapidly growing calli and a minimum in 
hard, nodular and slow growing calli (DeKlerk 1990).
The results from experiments with plated cell suspension exhibit the crucial role 
played by the size of the cell cluster and conditioning of the media in calli formation.
Cell suspension of size 200 pm plated on gelrite (non-conditioned) did not form callus 
whereas the same plated on agarose conditioned medium formed callus colonies. Cell 
suspensions of 73 pm micron formed colonies only with nurse cultures. The calli 
observed were colorless in contrast to the roots indicating the lack of accumulation of 
TA. These observations are similar to the ones made by Cosio et al. (1988) who 
reported the association between TA accumulation and differentiation after observing 
that calli treated with hormones to inhibit xylogenesis failed to accumulate TA.
Polyacetylene accumulation takes place in the vascular tissue and concurrent 
resin canals and the disappearance of resin canals has been known to eliminate 
polyacetylene accumulation (Cosio et al. 1988). Due to the poor understanding of the 
regeneration phenomenon (Berlin and Sasse 1985), very little can be done to improve 
the low regeneration frequency observed in our experiments. It was also observed at
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times that the root emergence or rhizogenesis took place when the calli were in the 
hormonal medium. This could be attributed to the microenvironment being different 
from the external environment due to mass transfer limitations resulting in 
concentration gradients. Concentration gradients are known to affect differentiation 
(Payne etal. 1991).
All the clones obtained from the R medium were obtained from a single dish.
This was the dish in which a callus spontaneously regenerated a root before transfer to 
basal medium. It is possible that all the clones obtained from this dish originated in the 
callus which spontaneously formed the root. Another possible reason for the 
observation is that the root growth aided the differentiation and regeneration pathway 
in some manner by excretion of metabolites or the calli which regenerated were from 
the freshly callused root The clones obtained from only solid phase transformation 
showed good growth rates in contrast to the ones obtained from plated cell suspension. 
The clones obtained from plated cell suspension (B medium) displayed poor growth 
and thiarubrine accumulation. Thus significant variation in both biomass growth and 
thiarubrine accumulation was observed. Higher yielding clones obtained were slow 
growing and hence had a low productivity. A highly productive clone with the same 
product yield but growing thrice as fast as the parent clone was obtained.
The results of the UV irradiation experiments were disappointing in that no calli 
were obtained. There are two possible reasons for this. Culture medium irradiated with 
UV can have a deleterious effect on cell growth. Therefore this medium had to replaced 
by a medium which had not been exposed to UV radiation. This was responsible for an 
additional step in the mutation experiments which called for separation of the cells
I
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from the medium. Two different methods of separation, centrifuging and filtration were 
employed for this purpose. It is possible that this might have had a negative impact on 
callus formation from the cell clusters. Another reason was that the radiation may have 
been stronger than that required to cause an mutation and might have injured the cell 
leading to the result observed, namely, no calli formation.
The success in obtaining highly productive clones by using the methodology 
described in this report is in contrast to Flores (1986). Flores (1986) reported that the 
biomass growth of the regenerated hairy root clone was the same as that of the parent 
material when an hairy root clone of Hyoscyamus muticus was transferred from root to 
callus phase and back by medium manipulations. Since experimental details were not 
reported in the same article it is difficult to explain the different results. Highly 
productive hairy root clones were not obtained by Aird et al. (1988) when regenerated 
from a cell suspension of Nicotiana rustica. Only 10 clones were screened and it is 
possible that a highly productive clone could have been obtained if a large number of 
the regenerated clones had been screened.
In addition to the above methodology for obtaining variant clones, a wider 
genetic base could be tested to obtain high yielding clones by initiating hairy root from 
seeds from different sources. It should be noted that the optimal growth and thiarubrine 
production conditions for each clone were not determined. Doing so may improve the 
chances of obtaining a highly productive clone. Evidently, the efficiency of the 
screening method used here would be tremendously enhanced if a good procedure for 
selection or isolation of high yielding clones was available. Developing such a 
procedure is in itself a substantial project.
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Chapter 5 . SCALE-UP OF THIARUBRINE A PRODUCTION 
FROM HAIRY ROOT CULTURE OF AMBROSIA 
ARTEMISIIFOLIA.
INTRODUCTION
Thiarubrine A (TA), a secondary metabolite produced by members of the family 
Asteraceae is a useful bioactive compound with antiviral, antifungal and antibacterial 
properties (Ellis et al. 1995). Hairy root culture of Ambrosia artemisiifolia may be a 
viable alternative to synthesis, plantation or cell culture for the production of TA. Large 
scale production by hairy root culture requires the growth of hairy roots in reactors. A 
trait of hairy root growth, entanglement of roots and subsequent formation of root mats, 
leads to a heterogeneous system which in turn results in low overall biomass densities 
and nutrient depletion at the center of the clump. The problems at the larger scale are 
anticipated to be nutrient distribution, both of gas and liquid phases, however 
cultivation has been demonstrated on a smaller scale in many reactor configurations 
(Singh and Curtis 1994).
Scale-up of a process implies the achievement of an outcome identical, if 
possible, to that obtained at the smaller scale at a larger production rate (Valentas et al. 
1991). There have been very few reports on the comparison of the growth kinetics and 
secondary metabolite production using hairy root cultures at the shake flask and the 
reactor level (McKelvey et al. 1993; Sharp and Doran 1990). Such a comparison should 
ideally be based on detailed models which incorporate descriptions of the physiology 
and biochemistry of the process of root growth and secondary metabolite production. 
However, considering the complexity of such models and the scarcity of empirical data
78
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currently available, a more realistic goal is a comparison based on simple, unstructured, 
distributed growth models. Models such as the Monod (Monod 1949) model and 
Leudeking-Piret (Leudeking and Piret 1959) model have been successful in modeling 
growth and production kinetics of microbial cultures and are frequently preferred due to 
their simplicity. It may be rewarding to consider the application of these models to 
hairy root culture with minor model modifications to account for a key difference in the 
growth processes of cell and root culture. Roots grow by branching and in the 
branching process, the formation of new cells is confined to the tips and to the region at 
the end of the elongation zone where new branches form (Lopez-Saez et al. 1975). The 
remaining body of the root is made of non dividing cells, and a root culture therefore 
contains a wide range of cell ages or distribution of cell states as opposed to a cell 
culture in which all cells pass through an identical, relatively short, cell cycle and the 
distribution of states is quite narrow. This means that the distribution of states in the 
inoculum is important when comparing root cultures. Root cultures are comparable 
only if the inocula were such that the initial tip number concentrations were 
comparable. The experiments described here were therefore done such that the initial 
tip number concentrations were identical in shake flask and reactor experiments. 
Furthermore, experiments with different initial tip number concentrations were done to 
determine if this variable can be used to manipulate the dynamics of the root growth. 
MATERIALS AND METHODS 
Root Cultures
The hairy root clone A. artemisiifolia T4 was a gift from Dr. Hector Flores, 
Pennsylvania State University, USA. MS (Murashige andSkoog, 1962) basal medium
j . _ _ _ _
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with Gamborg’s vitamins (Gamborg et al. 1968) (Sigma M 0404) was the culture 
medium for all the experiments. Sucrose (30 g/1) was added and the pH adjusted to 5.7
- 5.8 using 0.1N KOH / 8.5 % phosphoric acid prior to autoclaving of the medium 
Shake flask
The inoculum was obtained from cultures initiated from 4 root tips of length 1.5
- 4 cm grown in 125 ml shake flasks containing 50 ml of MS medium at ambient 
temperature in the dark at 110 rpm for 21 days. The inoculum consisted of a single root 
tip of length 1.5 - 4 cm. The tip was placed in a 250 ml shake flask containing 100ml 
of MS medium and the flask was placed in an incubator/shaker in the dark at 120 rpm 
and 25°C. The flasks were harvested at intervals of 4 days, beginning 20 days after 
initiation. The fresh weight was obtained after rinsing the roots in distilled deionized 
water and blotting them on a filter paper. The volume of the residual medium in the 
flask was measured to determine the amount of water evaporated. The medium was 
analyzed with High Performance Liquid Chromatography (HPLC) for the carbohydrate 
composition. The mat was soaked in excess of dichloromethane (DCM) for a period of 
24 hours and was dried to obtain the extracted dry weight. The DCM mixture was 
subjected to rotary evaporation after removal of water. The erode extract was dissolved 
in acetonitrile and subjected to HPLC to determine the secondary metabolite content 
Bioreactor
Description: The bioreactor was made from an inverted 10 liter, polycarbonate carboy 
(Nalgene 2251*0020). The carboy was fitted with a fritted glass air sparger (Millipore 
XX 1004702) in lieu of a cap. The bottom of the carboy was sawed off and a 
polycarbonate flange was welded on to the rim. A stress relieved polycarbonate sheet
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
was bolted to this flange to provide the reactor top cover. This sheet had openings for 
air outlet, media delivery port, inoculation port. Openings were also made for inserting 
a temperature probe (Omega PR 112100-1/8-12E), dissolved oxygen (DO) probe 
(Ingold 322756701), conductivity probe (Phoenix 577125034DL), sampling port (New 
Brunswick Scientific NJ191919) and a test tube filled with water at the center of the 
sheet to place the heater (150-200W). The heater and the temperature probe were 
connected to a temperature controller (Omega CN5052P1). The conductivity probe 
was a connected to a conductivity controller (Cole Parmer 19300) which was 
connected to a Data Acquisition board (DAB). The DAB was connected to a Zenith XT 
computer on which the data acquisition program (Dianachart) was installed. The DO 
probe was connected to a DO meter (Ingold model 170) which was connected to a 
DAB. The mixing and aeration was performed by passing air filtered through glass 
wool niter and two bacterial air vents (Gelman 4210) in series. Air supply was 
regulated by a mass flow controller (Datametrics 1605). The outlet port on the reactor 
top cover was connected by a tubing to a foam trap that consisted of a 500 ml conical 
flask, which was periodically filled with ethanol, with a vent. Autoclavable silicone 
tubing (ColeParmer 06411-72) was used for all the connections.
Setup. Process conditions and Harvest: The reactor and the autoclavable accessories 
were autoclaved at 121°C for approx. 1 hour before filling it with MS medium. The 
temperature probe was sterilized by dipping it in 85 % phosphoric acid followed by a 
rinse in sterile water before being inserted in to the autoclaved reactor. 9 liters of MS 
medium to be used for the bioprocess was autoclaved in 3 liter aliquots, in 6 liter flasks 
for 30 minutes at 121°C. The autoclaved media was then pumped in to the reactor
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through a 0.2 Jim bell cap filter (Gelman 12158) using a Masterflex pump (ColeParmer 
7520-00 /  7021-20) and tubing in a flow hood. Air was sparged into the reactor at a rate 
of480 cc/min during filling of the reactor. The inoculum for the reactor was 90 root 
tips of length 1.5 - 4 cm in length from 2 or 3 flasks grown under the same conditions 
as the inoculum for the shake flask experiments. These root tips were placed in a shake 
flask containing MS medium which was then poured into the reactor using a funnel 
under the flow hood. This corresponded to a fresh weight of approx. 0.02g and a dry 
weight o f0.00012g. The temperature controller was set at 25°C. The reactor was 
covered with opaque bags and leveled.
The root cultures were allowed to grow in the dark at 25°C with a air flow rate 
of480 cc/min (0.053 vvm). 15 - 20 ml samples of the medium were withdrawn from 
the reactor at intervals of two days, starting 16 days after initiation of culture to monitor 
the sugar concentration and verify the conductivity. Three reactors were harvested each 
after 28, 36,44 and 52 days. The mats were rinsed with distilled deionized water and 
weighed to obtain the fresh weight. They were then soaked in excess of DCM for 24 
hours after which they were dried to obtain the extracted dry weight. The amount of 
medium in the reactor and the volume of medium displaced by the roots was also 
noted.
Changing inoculum concentration of root tips
The inoculum was obtained from cultures initiated from 4 root tips of length 1.5 
- 4 cm grown in 125 ml shake flasks containing 50 ml of MS medium at ambient 
temperature in the dark at 110 rpm for 21 days. 125 ml shake flasks containing 50ml of 
MS medium was inoculated with 1,2 and 8 root tips of approx. length 1 cm. The
i
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cultures were then grown in the dark at 25°C and 120 rpm. The flasks were harvested at 
intervals of 4 days beginning 20 days after inoculation. The fresh weight was obtained 
after rinsing the roots in distilled deionized water and blotting them on a filter paper.
The medium was analyzed with HPLC for the carbohydrate composition. The roots 
were soaked in excess of DCM to determine the secondary metabolite content.
Analytical methods
TA Analysis: The DCM solution in which the root mat was soaked for 24 hours was 
evaporated by rotary evaporation in vacuo after removal of water. The residue was 
dissolved in a known amount of acetonitrile. The solution was passed through a 0.2 
pm nylon membrane Alter. The filtrate was analyzed by HPLC. The analysis was 
performed on a Shimadzu HPLC furnished with a Diode Array detector (SPD-M6A), 
autoinjector (SIL-6B) and a PC. A reverse phase (Spherex 10) C8 (250* 4.6 mm) 
column (Phenomenex) at 35°C was used to perform the isocratic elution with 
acetonitrile : water mixture (74:26). The flow rate was 0.5 ml min'1. The secondary 
metabolite TA was identified from the U.V. Spectra and retention time. The 
quantification was done with the standard curve obtained using known concentration of 
TA.
Carbohydrate Analysis: The analysis was done on the Shimadzu HPLC, described 
above, with a Refractive Index Detector (RID-6A). An Amino (D3-SIL ,5pm column 
(Phenomenex) at 45°C was used. The solvent flow rate was 1 ml min'1 with 80% 
acetonitrile and 20% water. A standard curve was obtained by injecting known amounts 
of fructose, glucose and sucrose solution. The media samples were Altered using a 0.2
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|im nylon filter and analyzed by HPLC. The sugars were identified from the retention 
times. The standard curve previously obtained was used for quantification.
Data analysis
Yield calculation: The biomass yield, the ratio of the change in biomass concentration 
to the change in total sugar concentration, was calculated from the measured values of 
fructose, glucose and sucrose concentrations after accounting for the loss of water by 
evaporation. The total sugar concentration was calculated as 
TSC = SC + (FC + GC)* ( MW of sucrose/ MW of glucose and fructose) 
where TSC is the Total sugar concentration, SC is the sucrose concentration, FC is the 
fructose concentration, GC is the glucose concentration and MW is the molecular 
weight.
Conductometrv estimation of biomass: The work described in chapter 2 shows that the 
calibration curve between change in biomass and medium conductivity is a straight 
line. For the experiments described here, the slope of this line was found as 3.36 g 
biomass (1 of medium )'‘(mmho) *' (R2 = 0.93) using the data obtained when the 
reactors were harvested. The biomass concentration during the course of the run was 
then obtained by applying the calibration curve to the conductivity data from the 
reactor.
Statistics and Model Development: All the experiments were done in triplicate. The 
experimental results were processed statistically using a T-test and a F-test. The 
biomass concentration in conjunction with the total sugar concentration was used to 
obtain parameters for the Monod model. The parameters for the Leudeking-Piret
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
85
model, modified to account for the degradation of TA which was assumed to be first 
order, were obtained from the product concentration in the reactor.
RESULTS 
Shake flask
The growth curve of extracted dry weight is shown in figure 5-1.The culture 
passed through an exponential growth phase from day 0 through day 36 after which 
growth temporarily ceased. A linear regression of the data for these days gave a specific 
growth rate of 0.25 day1 with a correlation coefficient Rz =0.91. Another growth phase 
occurred between day 44 and day 52 during which the biomass increased almost 6-fold. 
The sugar consumption pattern, shown in figure 5-2, indicates the preferential uptake of 
glucose over fructose after the hydrolysis of sucrose. The extracted dry weight yield is 
plotted in figure 5-3. The yield curve is qualitatively very similar to the biomass 
concentration curve. Surprisingly, the yield is not even approximately constant, but 
varies by a factor of almost 25. The TA concentration versus time in the biophase and 
in the shake flask is shown in figures 5-4 and 5-5 respectively. The maximum observed 
TA concentration occurred at day 20 after which the TA concentration generally 
declined, indicating degradation of TA.. The maximum in TA concentration may in fact 
have occurred in cultures younger than 20 days but this would not have been observed 
since samples were not taken prior to day 20.
Bioreactor
The roots stayed in suspension for the first 16 - 18 days after which they 
attached to one or several of the peripheral probes in the reactor and started forming an 
immobilized root mat. In all the runs, half of the reactor volume was not utilized as the
I
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Figure 5-1. Extracted dry weight concentration in shake flask (100 ml MS 
medium in 250 ml shake flask) inoculated with 1 root tip of 
A. artemisiifolia T4 cultured in the dark at 25°C and 120 rpm.
4
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Figure 5-2. Sugar composition of medium in the shake flask with 
conditions as in figure 5-1.
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Figure 5-3. Extracted dry weight growth yield as a function of time in shake 
flasks with conditions as in figure 5-1.
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Figure 5-4. TA concentration in the biophase with conditions as in figure 5-1.
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Figure 5-5. TA concentration in the shake flask with conditions as in figure 5-1.
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root mat was floating fully submerged at the top. The results for the bioreactor 
experiments are shown in table S-l. Run G was observed early on to be qualitatively 
different from the other runs, hi this run only, some root tips were blown out of the 
media and adhered to the central glass tube in the reactor above the liquid media level. 
These tips grew downwards, initially nurtured by the spray of medium generated by the 
aerating bubbles, until most of their root mass grew submerged. The very different 
quantitative results for this run may be explained by die presence and different growth 
kinetics of these partially submerged roots. Run A was also qualitatively somewhat 
different from the other runs in that a considerable amount of foaming was observed 
during this run and the media contained red particles. A surface crust or meringue also 
formed at the sides of the reactor in this run only.
Conductivity measurements were used to monitor the biomass concentration in 
the reactor. Two problems were encountered in using this technique. Firstly, there was 
a considerable amount of water lost through evaporation during the course of a run, 
resulting, early in a run, in a change in conductivity, which was not associated with 
biomass growth. This was inferred since evaporation results in an increase in 
conductivity while biomass growth results in a decrease in conductivity. Secondly, air 
bubbles would on occasion become trapped in the measuring cell of the conductivity 
probe causing erroneous readings. When this occurred, conductivity readings obtained 
from the samples withdrawn from the reactor were used to estimate biomass 
concentration in the reactor.
The dissolved oxygen values in the bulk medium were more than 65% 
saturation for all the runs at all times. The DO readings for run K and L are shown in
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Table 5-1. A summary of the results obtained from 12 runs with the
bioreactor.
Run
#
Day Media
Volume
(liter)
Biomass
concn.
(g/1)
Growth
Yield
(8
biomass
/  g 
substrate
)
TA 
concn. 
*1E- 
04 (g  
/ l )  in 
reactor
TA
concn.
in
biomass
(Hg/g)
C 28 7.8 0.17 0.03 0.56 339
E 28 7.88 0.37 0.04 1.2 326
F 28 7.8 0.37 0.04 1.47 396
B 36 7.34 0.68 0.06 2.46 360
H 36 7.16 1.59 0.12 6.31 396
J 36 7.42 0.82 0.08 2.96 361
A 44 6.76 1.1 0.22 2.21 202
D 44 6.98 2.97 0.21 3.52 119
I 44 6.85 2.6 0.15 5.46 210
G 52 5.9 7.22 0.4 42.07 583
K 52 6.4 4.16 0.32 5.56 134
L 52 6.5 2.25 0.22 4.56 203
Day refers to day harvested. The inoculum concn. for all runs
was appox. 0.00014 g /1 or 90 root tips. Aeration rate was
approx. 0.481 /  min or 0.053 wm.
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figures 5-6 and 5-7 as a representative example. The overall biomass density was low 
and ranged from 0.16 g/1 to 7.2 g/1.
A representative sugar consumption pattern is shown in figure 5-8 which shows 
the data for run D. Sucrose was hydrolyzed by the biomass into glucose and fructose. 
Glucose was preferentially consumed over fructose whose consumption was noticed 
only after the concentration of the glucose in the medium had decreased to half its 
maximum value (15 g/1).
Comparison and Modeling
On comparing the performance of the culture at the two levels, reactor and shake flask, 
(Table 5-2) we can see that the biomass concentration in the two are statistically 
comparable till day 44. This is also illustrated in figure 5-9 where the regression lines 
of the logarithm of the biomass concentration versus time are plotted for both shake 
flasks and reactors. The regression lines for the two systems are close to identical. The 
product concentration in the reactor and the growth yield are statistically 
indistinguishable at the 95% level for the time periods at which the comparisons were 
made. The product accumulation rate was also the same at the two levels for all the 
runs. However the product yield or TA concentration in the biophase was comparable 
only for day 44 and 52. In the shake flasks, the TA concentration in the biophase varied 
significantly with time, changing by almost two orders of magnitude from its maximum 
value in the young culture to its minimum value at day 52. This is in sharp contrast to 
the pattern in the bioreactors in which the TA concentration in the biophase remained 
approximately constant.
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Figure 5-6. Conductivity, Total sugar and Dissolved oxygen (DO) concentration of 
the medium in the bioreactor (Run K). Bioreactor was air sparged at the rate of 486 
cc/min and inoculated with 90 root tips of A. artemisiifolia T4 cultured at 25°C in 
the dark.
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Table 5-2. Comparison of the performance of cultures in shake flask and 
bioreactor with same inoculum concentration and growth conditions, namely, 
temperature of 25°C and darkness.
Day Biomass concn. 
(g /lo f 
medium)
Growth Yield 
(g biomass /  g 
sugar)
TA concn. 
*lE 04(g/lof 
medium) in 
reactor
TA concn. in 
biophase 
O igTA/g 
biomass)
28 0.302/0.356* 0.04/0.04* 2.64/1.08* 704 /  353
36 1.032/1.711* 0.1/0.09* 3.31/3.91* 189/372
44 2.220/2.363* 0.14/0.19* 6.62 /  3.73* 343 /177*
52 4.541/ 11.04 0.39/0.31* 1.02/17.4* 9/306*
Day refers to day harvested. Notation: a / b where a is for shake flask and b 
is for reactor. * indicates that the two values are statistically identical at 95%
level.
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Figure 5-9. Biomass concentrations of cultures grown in shake flask and bioreactors 
(all runs) with conditions as in fig. 5-1 for shake flask and in fig. 5-6 for bioreactors. 
Only one data point is seen for time zero as the two data points are superimposed.
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The percentage variability, calculated as the ratio of the standard error of the 
mean value of the parameter to its mean value, in the culture performance parameters is 
shown in Table 5-3. The high variability in the reactor results for day 52 can be 
attributed to the aberrant run G.
An attempt was made to perform a least square fit of the data to the Monod 
(Monod 1949) model and Leudeking-Piret (Leudeking and Piret 1959), modified to 
account for degradation of TA. However, it was found that the value of the model 
parameters varied greatly with the choice of data points included in the fit. It was 
therefore concluded that the data were not good enough to justify a fit to these kinetic 
models.
Changing inoculum concentration of root tips
The extracted dry weight growth curves in shake flasks with different initial tip 
number concentrations are shown in figure 5-10. The TA concentrations in the flasks 
are shown in figure 5-11. The curves for the different tip numbers appear quite different 
early in the runs, a conclusion which is supported by the statistical tests of the data 
shown in table 5-4. The difference is very significant at days 24 and 28, but then 
vanishes. The difference in TA concentration in the biophase is only significant at day 
20 indicating that the difference in total yield of TA is due almost exclusively to the 
difference in biomass yields. A more detailed statistical analysis, T-test of the 
difference of two different tip number concentrations against one another, are shown in 
tables in the appendix.
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Table 5-3. Comparison of the variability of the performance parameters of
cultures of table 5-2.
Day Biomass conc. Growth
Yield
TA concn. in 
flask
TA concn. in 
biophase
28 33.8/22.4 27.3/9 41.7/24.9 9 .3 /6
36 8.1/27.4 27.2/20.4 8./30.9 16/3.2
44 37.6/25.8 41/11.4 28.1/25.3 25. 1 /16.5
52 9.3/31.9 4.0/16.6 21.1/70.7 14.3/45.6
Day refers to day harvesterL Notation: a / b where a is for s 
b is for reactor.
lake flask and
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Figure 5>10. Extracted dry weight growth curves with 1,2 and 8 root tips of 
length 1 cm in the inoculum grown in SO ml MS medium in 125 ml shake 
flasks in the dark at 25°C and at 120 rpm.
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Figure 5-11. TA accumulated in shake flasks with 1,2 and 8 root tips with 
conditions as in figure 5-10.
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Table 5-4. P-values obtained from F-tests performed to see the effect of 
inoculum concentration of root tips on the extracted dry weight and TA 
concentration in the shake flask and TA concentration in the biophase from day 
20 through day 44. P-values less than 0.05 are in bold face.
Day Dry Weight TA concn. in flask TA concn. in 
biophase
20 0.19 0.2 0.04
24 0.01 0.03 0.42
28 0.0002 0.04 0.53
32 0.18 0.67 0.61
36 0.17 0.58 0.58
40 0.3 0.53 0.36
44 0.015 0.29 0.58
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DISCUSSION
A considerable variability in the culture performance of the reactor runs was 
observed in both reactors and shake flasks, in spite of an adequately defined inoculum 
(origin and mode of preparation) and process conditions. See Table 5-3. This can be 
attributed to the stochastic nature of the branching process in hairy root cultures in 
addition to the qualitative differences observed during the course of the reactor runs. 
Therefore, statistical analysis of data has been performed to obtain conclusive results. 
Run A fared poorly in comparison to the other runs harvested after 44 days as evident 
from the biomass concentration. Run D with the same growth yield as that of Run A 
had nearly twice the biomass concentration indicating that the sugars were utilized for 
functions other than cell growth. The low biomass concentration in this case may be 
attributed to the meringue formation as observed during the course of Run A. This is 
the result of foaming caused by proteins and the polysaccharides secreted by the 
biomass (Scragg 1992). The exceptionally high variability with the reactor 
performance parameters harvested on day 52 was because of Run G which as 
mentioned earlier had different growth conditions because of the distribution of 
inoculum. There have been many earlier reports on the effects of poor physical 
distribution of inoculum and methods to ensure even distribution (Ramakrishnan et al. 
1994). This may have been the reason for the improved performance in terms of growth 
and secondary metabolite accumulated in Run G. Thus Run G exhibited the best 
observed performance of the reactor for the given set of process conditions. It must be 
noted that the initial biomass concentration comprising of 90 root tips was 1.4E-4 g/1
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which is two orders of magnitude less than that of the lowest reported inoculum 
concentration used for reactors (Singh and Curtis, 1994), hence there is room for 
further improvement in this reactor performance by increasing the inoculum 
concentration, i.e., more root tips.
The results described in chapter 2 show that the calibration curve between 
changes in extracted dry weight and changes in medium conductivity, is a straight line. 
Thus, the biomass concentrations in the reactor experiments described in this chapter 
were obtained indirectly through measurements of changes in medium conductivity. 
However, instead of using the calibration curve obtained from shake flask experiments 
in chapter 2, the slope of the curve for the reactor experiments was recalculated using 
the values obtained at the time of harvest. These values gave a slope of 3.36 g biomass 
(1 of medium )'l(mmho) with a correlation coefficient of 0.93. This slope differs from 
the slope obtained from shake flask cultures by 10%. The result thus indicates that the 
conductivity calibration curve remains linear when cultures are scaled-up from shake 
flask to reactors but that a recalculation of the slope is required to maintain accuracy.
The technique could not be used to measure the biomass concentration over the whole 
course of the run, as the conductivity initially increased due to evaporation from the 
medium (first 28 days, see Fig. 5-6 and 5-7). Due to this problem, the conductivity 
method could not be used reliably until day 28. Sugar usage was not able to predict the 
biomass concentration accurately as carbon usage efficiency was not constant. See 
Table 5-1 and 5-2. hi view of this fact conductivity of the medium was the best non- 
invasive way of determining biomass concentration in the reactor.
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From Fig. 5-8 we can see that, in the reactors, sucrose is completely hydrolyzed 
by day 32 and that glucose is preferentially consumed over fructose. Even at day 44 
after the concentration of glucose has fallen to 6 - 8 g/1 or half its maximum value, 
there is still no noticeable fructose consumption taking place. This pattern is similar to 
that observed for shake flask cultures.
The growth yield increased with culture age in both shake flasks and reactors 
and it can be seen from the data in table 5-2 that the values of the yields are almost 
identical at similar times. Growth yield is thus a parameter that scales-up very well.
The change in yield with culture age can be explained as a reflection of the change in 
the distribution of states of the roots, hi young cultures, the roots are rich in fast 
growing and dividing cells, whereas old cultures are dominated by old, non-growing 
and non dividing cells. Fast growing cells direct the carbon supply for oxidation 
whereas the slow growing cells divert the carbon to biomass production (Fowler 1982).
The growth pattern in terms of biomass concentration, growth yield and total 
reactor concentration of TA was similar in the shake flasks and the bioreactors as can 
be seen from Table 5-2. Strangely enough, the statistical tests indicated that the 
concentrations of TA in the biophase at days 28 and 36 were not similar in shake flasks 
and reactors, hi neither culture type was the kinetics of secondary metabolite 
accumulation well described by the Leudking-Piret model, showing that concepts such 
as growth associated and non-growth associated metabolite are inadequate for 
describing TA accumulation. There is a need for more detailed structured and 
segregated models which account accurately for the physiological state of the cells and 
the relevant chemical reactions. The similarities in growth pattern between shake flasks
I
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and reactors is illustrated in a plot of the biomass concentrations versus time, figure 5- 
9. Linear regressions of the data give almost identical average specific growth rates,
0.18 day'1 (R2 = 0.87) for shake flasks and 0.181 day'1 (R2 = 0.88) for reactors.
Mass transfer operations often form the basis for the scale-up of microbial 
bioprocesses and one key difference between shake flask cultures and the reactor 
cultures is the aeration/agitation mechanism. Shake flasks are stirred by being placed 
on an orbital shaker and rely on passive diffusion of oxygen into the shake flask while 
the reactors were aerated and agitated by a constant stream of air. It would therefore not 
be surprising if growth in shake flasks and reactors became increasingly different as the 
culture density increased and growth became limited by oxygen transfer rates. Such a 
trend is not apparent from our data, but, it should be noted, the oxygen requirement of 
plant cells relative to microbial cells is low. For the reactor experiments reported here, 
the dissolved oxygen values were above 20 % air saturation, the critical value for plant 
cells in suspension (Scragg et al. 1987) and oxygen transfer rates may therefore not 
have played a significant part in the observed growth kinetics.
Unlike cell cultures, root cultures are heterogeneous in nature as not all cells in 
a root go through the same cell cycle. The root body is composed of older, terminally 
differentiated cells with a chemistry and metabolism which is different from that of tip 
cells. Root cultures inoculated with different numbers of tips will evidently have 
different ratios of old and young cells or different distributions of cell states and the tip 
number concentration in the inoculum could therefore be a means for affecting the 
dynamics and productivity of root cultures. A segregated model for hairy root growth 
and secondary metabolite accumulation by Kim (1993) indicates that experiments with
»
L
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same amount of biomass but different number of root tips in the inoculum can provide 
information on the range of cell states that produce the secondary metabolite. The 
experimental results reported here show that manipulation of the inoculum in this 
manner does change the result of the fermentation. Both the biomass data, figure 10, 
and the TA accumulation data, figure 5-11, show clear differences between 1,2 and 8 
inoculum tips. However, the differences are only unmistakable for cultures 28 days and 
younger, an observation confirmed by statistical analysis of the data, table 5-4. The 
implication of this result to the operating strategy of a bioprocess is obvious. The 
process time necessary to obtain a desired amount of product can be reduced by using a 
high number of tips in the inoculum, but the strategy only works if the cultures are 
harvested while still relatively young. Although the data did show a difference in TA 
dynamics with different numbers of inoculum tips, the data was not good enough to 
infer anything about which parts of the root synthesize TA. However, it can be 
speculated from qualitative observations made during this project that TA synthesis and 
accumulation occurs predominantly in the younger cells. It was observed during the 
maintenance of A. artemisiifolia hairy root cultures that from an initially colorless 
(older portion of the mat) inoculum, that the newly emerged tips in the culture would 
be light pink, indicating TA accumulation, whereas the inoculum portion of the root 
mat would remain blanched. We are therefore inclined to think that only the younger 
cells were accumulating TA.
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Chapter 6 . SUMMARY
The batch kinetics of biomass growth, nutrient consumption and thiarubrine A 
production in the model system, hairy root cultures of A. artemisiifolia T4 was studied 
to determine the optimal conditions for TA production. The growth kinetics at 2S°C 
was exponential for the first 28 days followed by a resting phase from day 28 to day 36 
and a approximate linear growth period then ensued till day 60. Sucrose was 
hydrolyzed to fructose and glucose before uptake. Glucose was initially consumed in 
preference to fructose and by day 40 all the glucose was consumed. No lag phase was 
observed and this could be attributed to absence of a metabolic switch or to the 
dynamics of the branching process. We could conclude a diauxic lag to explain the 
resting phase observed during the middle of the growth curve as fructose uptake began 
during this period. A low growth yield (g biomass /  g substrate consumed) of 0.25 was 
obtained with the model system for studies conducted at 25°C. A linear relation 
between the decrease in conductivity of the medium and increase in biomass 
concentration was verified for this clone at 25°C. The results from experiments in the 
bioreactor showed that the method of conductometry could be utilized for measuring 
the biomass concentration online in a bioreactor. TA accumulation closely paralleled 
growth and then decreased indicating the degradation of TA. Increasing the temperature 
from 25°C to 30°C led to decreased biomass growth and TA accumulation. The first 
two phases of growth was similar to that observed at 25°C. Temperature could have 
been expected to play a role in TA production as the cell adapts to a change in 
temperature by changes in lipid metabolism and TA is a fatty acid derived metabolite
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(Toivonen et al. 1992). Due to the coupling of TA accumulation with biomass growth it 
cannot be inferred whether TA accumulation was low because of temperature or poor 
growth. Exposing the cultures to light led to the elimination of TA accumulation, 
however this inhibitory change was reversible. It can be speculated that incubating the 
cultures in light leads to switching of pathways as the cultures change color from light 
pink to blanched to red when transferred horn the dark to light. Anthocyanin pigments 
synthesized may be responsible for this color change.
Abiotic elicitation using vanadyl sulfate solution and fungal elicitation using 
autoclaved cell wall filtrates of two fungi was employed as a tool to increase TA yield.
One of the fungi used, Protomyces gravidus is a documented pathogen of the model 
system. The elicitation strategy developed in this study was successful in stimulating 
secondary metabolite production in all the three cases. There was a significant 
interaction between age of the culture and the concentration of the elicitor in abiotic 
and biotic elicitation. Abiotic elicitation with vanadyl sulfate also showed a significant 
interaction between age of the culture and the period of exposure and concentration of 
the elicitor and period of exposure. Viability tests showed that viability increased with 
the age of the cultures and decreased with concentration of elicitor and exposure time. 
Fungal elicitation with Botrytis cinereae was successful during the early stages of 
culture and period of exposure had no effect on the TA yield. The reason for the latter 
could be explained from plant pathogen interaction in nature where an attack by a 
fungus not pathogenic to the system causes the immediate triggering of phytoalexins. 
Exposure time played a key role in elicitation process with P. gravidus irrespective of 
the culture age or concentration of elicitor. This may explained again from a
I
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phytopathological view that P. gravidus being a pathogen of A. artemisiifolia was able 
to delay the synthesis of TA. The minimum period of exposure for the elicitor to be 
effective was 48 hours. Thus future experiments to determine the optimal region of the 
elicitation process in this model system will be guided by the results obtained from this 
work. Repeated use of the factorial design will locate the optimum conditions of the 
elicitation process.
Highly productive clones are a prerequisite for commercial production. In this 
work we obtained them using somaclonal variation. The techniques used to obtain high 
yielding clones involved the disorganization of the stable hairy root cultures by the 
addition of phytohormones. Regenerant clones were obtained by passing through the 
solid callus phase and the liquid cell suspension. The most friable callus was produced 
by a medium containing a high ratio of auxin (2.5 mg/1) to cytokinin (0.1 mg/1). Cell 
cluster size played a crucial role in calli formation in experiments with plated cell 
suspension. The calli formed in these experiments were colorless indicating absence of 
TA accumulation, but had color when a rootlet arose from the callus indicating that 
organization plays a role in TA accumulation. Plated cell suspension irradiated with 
UV did not form calli. The radiation dosage or the separation of cells from the medium 
may have had a deleterious effect on cell growth. The regeneration frequency observed 
was very poor. High yielding clones obtained were very slow growing and therefore 
would not be a good choice for TA production. A total of 58 clones were obtained and 
a highly productive clone whose productivity was three times that of the parent clone 
was achieved.
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Commercial production of TA from root cultures requires the growth of the 
cultures in bioreactors. Models describing biomass growth and TA production kinetics 
would be useful in reactor design, process optimization and control in addition to 
scaling up production with minimal experimentation. Scale-up of the optimal 
conditions, light and temperature, was performed from a shake flask to a 9 liter air 
sparged bioreactor operated in a batch mode, using the inoculum concentration of tips 
as the basis. Conductivity change of the medium was used to determine the biomass 
concentration in the reactor. The dissolved oxygen concentration was greater than the 
critical value for plant cell cultures, i.e., 20% air saturation (Scragg et al., 1987) in all 
the runs. Sugar consumption followed a similar pattern in the shake flask and the 
reactor. Sucrose was hydrolyzed to glucose and fructose before uptake and glucose was 
consumed preferentially to fructose. The results indicated that the biomass 
concentration was statistically indistinguishable at the two levels, reactor and shake 
flask, for low biomass densities. TA accumulation and growth yields were identical and 
the volumetric productivity of TA, the same order of magnitude, at the two levels for 
all the times at which comparison was made. These results show that the inoculum 
concentration of root tips is a key parameter for characterizing root growth and 
secondary metabolite accumulation at low biomass densities. Due to the nature of the 
data a robust model describing biomass growth and secondary metabolite accumulation 
kinetics could not be developed. By changing the inoculum concentration of root tips 
the process outcome could be manipulated conveniently in this case at the shake flask 
level early during the run. The implication of this result to the operating strategy of a 
bioprocess is obvious. The process time necessary to obtain a desired amount of
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product can be reduced by using a high number of tips in the inoculum, but the strategy 
only works if the cultures are harvested while still relatively young.
The results of this work can be summarized as steps in an iteration in the 
optimization and scale-up of the bioprocess for the production of TA using hairy root 
cultures of A. artemisiifolia.
RECOMMENDATIONS FOR FUTURE WORK
To obtain further improvements in isolating clones with high TA productivity 
the parent clones should be procured from different sources, i.e., cultivaars. A wider 
genetic base may improve the chances of obtaining a highly productive clone before 
applying the techniques described in this dissertation. Basic studies in regeneration are 
required to improve the efficiency of this key step in the clone development process. 
Studies on the TA pathway may help in designing a selection strategy which will 
reduce the labor involved in the screening procedure.
An understanding of TA accumulation in relation to growth and nutrient 
consumption is essential for determining the optimal operating strategy for the 
production of TA. Since TA accumulation took place predominantly during glucose 
uptake and fructose consumption during the latter stages of the culture (day 48 to day 
60) did not result in appreciable TA accumulation. It is possible that the nature of the 
carbon source may have had an effect on TA production. It has been reported with plant 
cell cultures that the amount and nature of carbon supply may have an effect on 
secondary metabolite synthesis (Fowler 1980). Experiments performed with 
monosaccharides as the sole carbon source may reveal the effect of carbon type on TA 
accumulation. Biomass density has been increased significantly by using fructose in a
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fed batch culture (Uozumi et al. 1991). This is reported to be advantageous also from 
process engineering point of view as control of the carbon source is easier.
As the timing of biosynthesis coincides with growth in our model system, the 
operating mode for the model system in a bioreactor must be chosen with the aim of 
obtaining rapid growth and high biomass densities. The fed batch mode is an effective 
bioreactor operating strategy considering the morphology of hairy root cultures, ease of 
incorporation of product enhancement strategies such as elicitation, the timing of 
product synthesis and location of the product, i.e., TA is an intercellular (intratissue) 
product.
The effect of temperatures lower than 25°C on TA accumulation needs to be 
studied although there have been unpublished reports that growth rates of hairy root 
cultures decrease at these temperatures (personal communication).
Experiments done with a detailed inoculum, one root tip, with specification of 
the location and length of the root tip grown under defined conditions can be 
performed to obtain an estimate of the variability in biomass growth and TA 
accumulation. This value can then be used in statistical analysis of hairy root culture 
experiments. This information can be useful in isolating highly productive clones and 
product yield augmentation strategies such as elicitation.
Experiments performed with purified fractions of the fungal cell wall filtrate 
may help in identifying the active ingredients responsible for the stimulation of TA 
production. The results of these experiments may help elucidate the TA synthesis 
pathway so that rational strategies may be developed for enhancing the product yield.
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In conclusion the paucity of information on the physiology and biochemistry of 
growth and secondary metabolite formation in root cultures has led to the use of 
empirical approaches for clone development, product enhancement strategies and scale- 
up. The availability of this information can lead to development of detailed 
mathematical models and rational strategies for increasing the product yield. Only then 
can secondary metabolite production from hairy root cultures be commercially 
exploited.
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APPENDIX A.
This section contains the SAS program and the data used to determine the 
effect of the different factors and their interactions on the elicitation process described 
in Chapter 3.
\ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
This program was used to determine the effect of different factors and their interactions 
in the elicitation process on thiarubrine yield in the biomass of hairy root cultures of 
Ambrosia artemisiifolia.
Factors studied were age of the culture, time period of exposure and concentration of 
elicitor (including control) using factorial design.
Thus there were 4 levels of concentration (cone) with 1 being the lowest (control) and 4 
the highest. 3 levels of time period of exposure (time) with 1,2 and 3 corresponding to 
16,28 and 36 days respectively. 3 levels of age of culture (age) with 1,2 and 3 
corresponding to 12,48 and 72 hours respectively. 2 replicates of each experiment (rep) 
and y is the yield or the measured value.
Therefore a total of 4*3*3*2 = 72 experiments were performed and analyzed. 
**********#***********#**********************************************\ 
♦Program begins;
Options ps s  60; * Print 60 lines per page;
data one; * Create a SAS data set called one;
do rep = 1 to 2; * Control statement for rep (replicates);
do age = 1 to 3; * Control statement for age (replicates);
124
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* Control statement for cone (replicates);
* Control statement for time (replicates);
* Data set one to be built from raw data;
* Writes observation to data one;
do cone = 1 to 4; 
do time = 1 to 3; 
input y @@; 
output; 
end; 
end; 
end; 
end;
cards; * Raw data included in program and follows immediately;
\*********************************************************************
120.5 134.4 113.6 193.8 427.6 595.5
480.4 489.3 612.3 556.4 672.2 382.8
129.2 514.8 422.8 85.9415.9 107.9
99.2 466.9 559.9 287.1 151.6 153.5
79.7 54.8 37.3 100.6 164.1 99.1
29.1 110.9 163 27.8 146.979.2
118.2 402.5 31.4 232.4 425.5 489.8
244.4 453.6 499.6 343.1 622.1 542.5
496.6430.8 126.491.1 427.6 116
375.5 585.3 156 263.5 224.8 217.7
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43.4 151.7 17.1 65.4 136.1 124.2 
39 143.2 472.3 10.5238.9 251.9
9
* Procedure GLM fits a least square model between the between the dependent and 
independent variables;
proc glm outstat = summary; * Produces the result in a dataset, SOS, F value,
probability levels;
class rep cone time age; * Specifies the name of categorical variables;
model y -  rep concltimelage; * Specifies relation between dependent and
independent variables; 
lsmeans cone / tukey; * Multiple comparison using Tukey for different
levels of cone, age and time;
lsmeans age / tukey; 
lsmeans time /  tukey;
lsmeans conc*age*time / tukey; * Multiple comparison using Tukey for
a combination of all factors; 
run; * Process PROC GLM;
* Proc Sort sorts data one by age and time and stores in data two; 
proc sort data = one out = two;
by age time;
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run;
proc glm data % two; * Proc GLM on data two;
class rep cone; * Only two categorical variable;
model y = rep cone; * Relation between y and the independent variables;
lsmeans cone / tukey; * Multiple comparison within different levels of cone for each
combination of age and time using Tukey;
run;
* This procedure sorts data by age and stores in data two; 
proc sort data = one out = two; 
by age; 
run;
proc glm data = two; * Proc GLM on data two;
class rep cone time; * Only two categorical variable;
model y = rep concltime; * Relation between y and the independent variables;
lsmeans conc*time /  tukey; * Multiple comparison within different levels of cone and
time for each of age using Tukey; 
lsmeans cone /  tukey; * Multiple comparison within different levels of cone using
Tukey;
lsmeans time / tukey; * Multiple comparison within different levels of time
using Tukey;
run;
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* The following procedures sort data by cone and time and assess the effects 
of the factor using Tukey multiple comparison procedure;
proc sort data= one out = two;
by cone time;
run;
proc glm data = two; 
class rep age; 
model y = rep age; 
lsmeans age /  tukey; 
run;
* The following procedures sort data by cone and assess the effects of the factor using 
Tukey multiple comparison procedure;
proc sort data = one out = two;
by cone;
run;
proc glm data = two; 
class rep age time; 
model y = rep ageltime; 
lsmeans age*time / tukey; 
lsmeans age / tukey;
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lsmeans time / tukey; 
run;
\*********************************************************************\
* The following procedures sort data by time and assess the effects of the factor 
using Tukey multiple comparison procedure;
proc sort data = one out = two;
by tim e;
run;
proc glm data = two; 
class rep age cone; 
model y -  rep agelconc; 
lsmeans age*conc / tukey; 
lsmeans age / tukey; 
lsmeans cone / tukey; 
run;
\********************************************************************\
* The following procedures sort data by cone and age and assess the effects of 
the factors using Tukey multiple comparison procedure;
proc sort data = one out = two;
by cone age;
run;
proc glm data = two;
I
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class rep time; 
model y = rep time; 
lsmeans time /  tukey; 
run;
quit;
\****************************#***#******#*****************************\ 
The program was run on a PC in Windows Operating system using SAS.
The above program was with the yield data from elicitation of the hairy root 
cultures of A. artemissiifolia using autoclaved cell wall filtrates of P.gravidus. The 
same program was used for the case of abiotic elicitation using Vanadyl sulfate and 
autoclaved cell wall filtrates of B. cinereae. The values of the yield (in the same order 
they were input into the program) are given below 
For Vanadyl sulfate
120.5 134.4 113.6 0 658.3 524.7 
145.9 122.8 123.1 172.200
129.2514.8 422.8 125.2 286.4584
187.5 37.4 309.494.3 0 4.5
79.7 54.8 37.3 13.6 102.6 2
302.1 126 32.9 346.4 46.7 20.8
118.2 402.5 31.4 254.2 265.5 613.3
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0 89.6 68.1 233.8 390.1 62.3 
496.6 430.8 126.4 144 106.9 412.4 
286.3 35.4 214.9 99.6 5.4 4.2
43.4 151.7 17.12.2 139 28
447.2 257.4 30.8 286.2 9.8 2.4
For P. gravidus
120.5 134.4 113.6 193.8 427.6 595.5
480.4 489.3 612.3 556.4 672.2 382.8
129.2 514.8 422.8 85.9 415.9 107.9
99.2 466.9 559.9 287.1 151.6 153.5
79.7 54.8 37.3 100.6 164.1 99.1 
29.1 110.9 163 27.8 146.9 79.2
118.2 402.5 31.4 232.4 425.5 489.8
244.4 453.6 499.6 343.1 622.1 542.5
496.6 430.8 126.491.1 427.6 116
375.5 585.3 156 263.5 224.8 217.7
43.4 151.7 17.1 65.4 136.1 124.2 
39 143.2 472.3 10.5 238.9 251.9
11________
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APPENDIX B
CONDUCTIVITY AND DISSOLVED OXYGEN MEASUREMENTS 
This section gives the raw data of the reactor runs, namely, conductivity measurements 
of the medium and Dissolved Oxygen (DO) concentration of the medium expressed as 
a percentage of air saturation. The latter was calculated as follows:
DO (percentage of air saturation) = (DO concn of the medium /  20.9) * 100.
Table B-l. Conductivity and Dissolved oxygen (DO) measurements of 
the medium during the course of Run A.
Day Conductivity
Cmroho)
DO Day Conductivity
(mmho)
DO
0.00 6.29 109.9 23.00 5.95 89.6
1.00 6.13 115.8 24.00 554 88.8
2.00 637 100.8 25.00 55 89.6
3.00 639 99.3 26.00 552 88.6
4.00 638 99.9 27.00 551 86.7
5.00 632 too 28.00 5.91 86.1
6.00 633 I00J 29.00 5.89 85.8
7.00 639 98 3 30.00 55 85.4
8.00 637 98 3 31.00 5.89 86.1
9.00 639 965 3200 5.86 86
10.00 636 95.7 33.00 5.85 85.4
11.00 635 95.9 34.00 5.8 845
I ZOO 63 9 5 i 35.00 5.82 84.1
13.00 63 95.6 36.00 5.78 84.7
14.00 6.14 93a 37.00 5.75 85.4
15.00 6.09 94.8 38.00 5.73 845
16.00 6.02 925 39.00 6.04 85.4
17.00 6.03 91.9 40.00 5.68 85.4
18.00 6.03 91.4 41.00 5.67 85.8
19.00 6 935 4200 5.67 855
20.00 633 928 43.00 5.67 865
21.00 635 90.1 44.00 5.66
22.00 5.94 905
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Table B-2. Conductivity and Dissolved oxygen (DO) measurements of the medium
during the course of Run B.
Day Conductivity
fmmho)
DO Day Conductivity
(mmho)
DO
0 6.17 104.2 18 6.24 101
1 6.23 106.1 19 6.23 98.9
2 6.14 117.2 20 6.21 99.4
3 6.12 117.4 21 6.25 100.6
4 6.17 96.8 22 6.25 1003
5 6.19 100.1 23 6.29 100.1
6 6.15 100.2 24 6.19 100.3
7 6.18 101J 25 6.34 993
8 6.11 101J 26 6.33 99.9
9 6.17 100.5 27 6.22 99.4
10 6.21 100.6 28 6.27 983
11 6.16 99.7 29 6.26 98.7
12 6.25 99.6 30 6.25 98.6
13 6.12 100.7 31 6.2 98.2
14 6.19 101.7 32 6.24 96.2
15 6.19 100.8 6.13 97.1
16 6.25 99.6 34 6.19 96.6
17 6.23 99.8 35 6.12 95
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Table B-3. Conductivity and Dissolved Oxygen (DO) 
measurements of the medium during the course of Run 
C
Day DO Day Conductivity
(mmho)
0 116.4 0 5.87
1 107.8 16 6.05
2 95.4 18 6.06
3 955 20 6.12
4 115.7 22 6.04
5 113.2 28 6.03
6 111.1
7 107.1
8 1045
9 103.8
10 106.4
11 102.9
12 975
13 96.8
14 101.7
15 97.8
16 99.4
22 905
23 85.9
24 92.4
25 92.4
26 87.9
27 96.6
28 94.4
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Table B-4. Conductivity and Dissolved oxygen measurements of the
medium during the course o f Run D.
Day Conductivity
(inmho)
DO Day Conductivity
Cmmho)
DO
0 6.08 105 31 623 935
1 6.19 104.8 32 6.17 91.1
2 6.04 106.4 33 6.13 91.8
3 6.07 107.3 34 6.08 91.4
4 6.08 109 35 6.02 89.7
5 6.08 104.3 36 18.83 90
6 6.1 106.8 37 55 86.8
7 6.13 107.3 38 5.83 84.6
8 6.12 107.3 39 5.74 835
9 6.13 102.4 40 5.67 81.2
10 6.17 103.4
11 6.14 102.1
12 6.16 101.5
13 6.18 100.2
14 6.24 95.8
15 6.23 101.5
16 621 102.1
23 6.18 103.1
24 6.26 100.8
25 6.4 995
26 6.38 99.1
27 6.36 98.5
28 6.31 97.1
29 6.29 96.6
30 6.3 945
■I. ________
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Table B-5. Conductivity and Dissolved oxygen measurements
of the medium during the course of Run E.
Day DO Day Conductivity
(mmho)_
3 103.1 0 6.01
4 104.7 20 6.15
5 103.6 22 6.14
6 104.7 24 6.13
7 101 26 6.12
8 100.2 28 5.99
9 104.2
10 109.2
11 1045
12 102.2
13 100
14 100.3
15 95.7
16 99.6
17 100.7
18 98.4
19 97.8
20 1015
21 100.1
26 965
27 955
28 905
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Table B-6. Conductivity and Dissolved oxygen measurements of the
medium during the course of Run F.
Day Conductivity
(mmho)
DO Day Conductivity
Ctnmho)
DO
0 5.91 805 24 5.85 97
1 5.92 116.9 25 5.86 96.7
2 5.94 125.2 26 5.85 95.7
3 5.93 101.6 27 5.82 94.9
4 5.93 103.8 28 5.84 92.7
5 5.94 103.6
6 5.96 102.4
7 5.96 1013
8 5.98 101.2
9 5.98 100.8
10 5.97 99.9
11 5.97 100.8
12 5.99 99
13 5.97 97.8
14 6 96.2
15 6.08 953
16 6.07 95.4
17 6.06 102.6
18 6.07 99.4
19 6.11 98.8
20 6.01 100.7
21 5.8 100.7
23 5.89 97.6
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Table B-7. Conductivity and Dissolved oxygen measurements of the medium during
the course o f Run G.
Day DO Day DO Day Conductivity
Onmho)
0 99.4 34 89.6 0 6.11
I 102.6 35 89.1 17 6.15
2 108.9 36 89.1 18 6.11
3 103.4 37 87.7 20 6.06
4 97.7 38 88.8 22 658
5 98.7 39 87.7 24 65
6 99.4 40 86.8 26 6.19
7 101.5 41 845 28 6.19
8 98 42 82.1 30 6.13
9 98 5 43 805 32 6.05
10 98.9 44 775 36 5.87
11 98 45 76.7 38 5.82
13 98 46 75.8 40 5.63
14 985 47 765 42 554
15 100.8 48 76.1 44 559
16 100.8 46 5.05
17 99.1 48 4.71
18 985 50 4.48
19 985 52 4.19
20 1005
21 99.2
22 985
23 98
24 975
25 975
26 975
27 985
28 975
29 98.1
30 96.1
31 945
32 92.4
33 91
I ________
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Table B-8. Conductivity and Dissolved oxygen measurements of the medium during
the course of Run H.
Day DO Day Conductivity
(nunho)
Day DO
0.00 106.1 0 5.94 23.00 863
1.00 109.6 16 6.16 24.00 833
2.00 1053 18 6.18 25.00 82.1
3 106.4 20 6.14 26.00 863
4.00 1053 22 6.19 27.00 85.8
5.00 106.2 24 6.17 28.00 71.8
6.00 108.8 25 6.14 29.00 793
7.00 110.3 26 6.14 30.00 90.2
8.00 105 28 6.07 31.00 813
9.00 103.8 30 6.07 32.00 943
10.00 101.4 32 5.81 33.00 91.9
11.00 101.2 34 5.75 34.00 883
12.00 97.4 36 537 35.00 82
13.00 102.9 36.00 81.6
14.00 1013
15.00 98.9
16.00 973
17.00 100.8
18.00 97.1
19.00 97.4
20.00 98.1
21.00 90.8
22.00 85.4
I  ________
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Table B-9. Conductivity and Dissolved oxygen concentration of the medium during the
course of Run I.
Day Conductivity
(nunho)
DO Day Conductivity
(mmho)
DO
0 5.9 773 30 631 98.6
I 5.92 84.4 31 639 97.7
2 5.89 102 32 6.29 98.6
3 5.91 105.8 33 6.24 963
4 5.96 104.1 34 6.19 953
5 5.95 102.7 35 6.14 943
6 5.98 104.7 36 6.06 92.9
7 5.99 102.9 37 5.95 92.4
8 5.96 102.9 38 5.93 923
9 6.01 103.6 40 5.8 91.9
10 6.02 102.9 41 5.62 90
11 6.02 102 42 536 88.1
12 6.1 103.3 43 5.47 87.6
13 6.09 102.9
14 6.1 1013
20 6.29 102
21 63 1013
23 6.3 1013
24 637 99.1
25 6.35 1003
26 63 100
27 6.32 100
28 631 98.6
29 631 99.1
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Table B-10. Conductivity and Dissolved oxygen measurements of the medium during
the course of Run J.
Day Conductivity
(romho)
DO Day Conductivity
(mmho)
DO
0 5.85 89.6 24 6 99.1
1 5.86 93.3 25 6.09 99.1
2 5.88 102.1 26 5.3 98.6
3 5.87 103 27 6.06 98.1
4 5.85 103.2 28 6.03 103.4
5 5.83 105.2 29 6.13 97.2
6 5.88 109.4 30 6.03 1005
7 5.85 108.5 31 6 98.6
8 5.92 105.2 32 5.97 97.7
9 5.91 1045 33 5.96 94.8
10 5.9 106.6 34 5.94 93.4
11 5.97 1045 35 5.92 905
12 5.92 1005 36 5.87 90
18 5.97 102
19 6.05 102
21 6.05 1005
22 6.04 1005
23 6.02 99.6
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Table B-l 1. Conductivity and Dissolved oxygen measurements of the medium during
the course of Run K.
Day Conductivity
(mmho)
DO Day Conductivity
(mmho)
DO
0 5.7 87.1 31 6.04 96.2
1 5.8 102 32 6.02 943
2 5.76 103.9 33 6.01 88.6
3 5.77 105.3 34 5.98 88.1
4 5.79 102.9 35 5.95 87.1
6 5.81 105.3 36 5.87 91.4
7 5.82 102 37 5.83 90
8 5.83 106.3 39 5.7 88.1
9 5.84 102.4 40 5.63 86.7
10 5.84 104.8 41 559 863
12 5.84 104.4 42 551 84.3
13 5.84 103.9 43 5.43 823
14 5.83 101 44 535 80.9
15 5.92 99.6 45 536 79
16 5.93 99.1 46 5.18 78
17 5.92 99.6 47 5.1 77.6
18 5.92 98.6 48 5.03 76.6
19 5.92 100 49 4.94 153
20 6 99.1 50 4.87 74.7
21 6.01 99.1 51 4.8 72.8
22 6.02 98.6 52 4.72 71.8
23 6 100
25 6.07 98.1
26 6.08 98.1
27 6.07 98.6
28 6.07 97.2
29 6.07 95.7
30 6.06 96.7
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Table B-12. Conductivity and Dissolved oxygen measurements of the medium during
the course of Run L.
Day Conduct!vityo(in 
mho)
DO Day Conductivity
(mmho)
DO
0 6.26 75.2 35 6.44 90
I 6.26 100 36 632 90
2 6.22 101 37 6.49 89
3 6.27 99.1 38 6.45 87.6
4 6.25 101 39 6.43 87.1
5 6.23 100.5 40 6.41 863
7 6.22 101 41 638 853
8 631 100.5 42 6.34 84.3
9 63 99.6 43 6.28 83.8
10 631 100 44 6.23 82.8
11 639 99.6 45 6.18 80
12 636 100 46 6.1 80.4
13 636 98.6 47 6.02 783
14 634 97.2 48 5.93 76.1
15 6.34 96.7 49 5.84 73.7
16 632 96.7 50 5.75 713
17 6.37 96.7 51 5.66 69.4
18 635 96.2 52 535 67
19 6.42 101
20 6.4 99.1
21 6.37 99.1
22 6.42 97.2
23 639 96.7
24 6.45 962
25 6.42 96.2
26 6.5 953
27 6.47 94.8
28 6.45 93.4
29 63 94.8
30 6.49 93.8
31 6.48 92.9
32 6.46 92.9
33 6.52 91.9
34 6.48 91
' ! _________
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CARBOHYDRATE MEASUREMENTS
Table B-13. Carbohydrate measurements of the medium sampled from the reactor runs 
(A-L).
Reactor Fructose Glucose Sucrose Correction Fructose Glucose Sucrose
(Run#.
day)
concn. (g/l) concn.
m
concn.
m
factor for 
evaporation
Corrected 
concn. Ot/I)
Corrected 
concn. fa/1)
Corrected 
concn. Gt/I)
AjOO 3.05 236 26.19 1 3.05 236 26.19
A_14 3.83 3.05 3057 0.93 357 2.84 28.44
A_16 3.85 339 31.64 0.92 355 3.12 29.11
A_18 3 5 332 31.11 0.91 355 3.03 2832
A_20 3.93 3.03 305 05 354 2.73 27.81
A_22 4 2.89 27.63 0.89 356 258 24.6
A_24 4.48 357 3154 0.88 3.95 3.15 27.76
A_26 4.49 354 28.74 0.87 351 3.08 25.01
A_28 4.92 3.94 30.74 0.86 4.24 339 26.44
A_30 5.6 4.29 27.66 0.85 4.76 3.65 2352
A_32 6.82 5.45 26.16 0.84 5.73 458 2158
A_34 7.96 6.4 23.87 0.83 6.61 532 19.82
A_36 10.45 8.06 18.76 0.82 857 6.61 1539
A_38 15.14 11.87 10.42 0.81 12.27 9.62 8.45
A_40 19.86 16.15 1.04 0.8 15.89 1252 0.84
A_42 20.15 1652 0 0.79 1552 13.06 0
A_44 20.38 1531 0 0.78 155 11.87 0
B_14 2.95 2.36 26.89 054 2.78 2.22 25.28
B_16 2.95 2.84 28.01 0.93 2.75 2.65 26.05
B_18 3.04 2.31 27.48 0.92 2.8 2.13 25.29
B_20 3.05 1.69 26.7 051 2.78 154 243
B_22 3.21 1.79 2525 0.9 2.89 1.62 22.73
B_24 3.83 2.13 26.06 0.9 3.45 1.92 23.46
B_26 4.36 251 2459 0.89 3.89 2.24 21.89
B_28 5.41 3.12 21.67 0.88 4.77 2.75 19.07
B_30 751 4.39 17.7 0.87 654 3.82 15.4
B_32 11.23 6.76 10.28 0.86 9.66 5.82 8.85
B_34 1653 9.91 0.75 0.85 14.06 8.43 0.64
B_36 1733 10.15 0.08 0.84 1456 853 0.07
C_00 2.15 1.77 2839 1 2.15 1.77 2839
C_16 1.69 0.94 28.26 0.93 158 0.88 26.29
C_18 1.67 05 27.75 052 154 0.83 2553
C_20 1.87 0.94 28.23 0.91 1.71 0.86 25.69
C_22 2.03 1.16 28.08 0.9 1.83 1.05 2538
C_28 4.26 2.45 23.43 0.88 3.75 2.16 20.62
DjOO 1.81 1.45 29.43 1 1.81 1.45 29.43
D_16 1.75 0.91 27.87 0.95 1.67 0.87 26.48
( table con’d)
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D_18 1.84 1.01 2732 0.94 1.73 0.95 25.69
D-20 2.23 1.22 26.87 034 31 1.15 2526
D_22 2.69 1.62 25.89 033 231 131 24.08
D_24 3.73 206 2339 032 3.44 13 21.71
D_28 9.73 5.85 1138 031 8.86 533 10.91
D_30 14.69 11.23 4.73 03 1333 10.11 436
D_32 16.72 933 0 0.89 14.89 8.84 0
D_34 16.09 93 0 0.89 1433 8.19 0
D_36 17.07 9.42 0 0.88 15.03 839 0
D_38 16.69 8.66 0 0.87 1433 734 0
D_40 1636 7.86 0 0.87 14.41 6.84 0
D_42 16.61 7.15 0 0.86 1439 6.15 0
D_44 1631 635 0 0.85 13.78 5.4 0
E_00 1.69 135 29.1 1 1.69 135 29.1
E_20 2.9 239 28.4 032 367 311 26.13
E_22 4.09 3.06 26.47 0.91 3.73 379 24.09
E_24 5.73 3.18 2131 0.91 532 2.9 19.4
E_26 8.15 4.75 15.16 03 734 438 13.65
E_28 11.25 6.7 931 0.89 10.02 5.97 8.47
F_16 138 0.85 2738 0.94 1.49 0.8 2631
F_18 1.67 033 2832 0.93 136 0.87 2635
F_20 22 1.13 27.06 032 303 1.04 24.9
F_22 23 1.29 26.43 0.91 238 1.18 24.06
F_26 4.94 2.85 21.61 0.89 4.4 234 19.24
G_00 1132 9.42 9.76 1 1132 9.42 9.76
G_17 134 0.77 28.81 0.94 1.45 0.73 27.09
G_18 1.43 0.72 28.71 0.94 135 0.68 26.99
G_20 1.75 0.96 2735 0.93 1.63 0.9 25.44
G_22 224 1.74 30.89 032 2.07 1.61 28.42
G_24 2.76 2.14 29.07 0.92 234 1.97 26.75
G_26 331 1.87 2439 031 393 1.71 22.11
G_28 4.86 2.7 22.14 0.9 438 343 19.93
G_30 631 4.02 1639 0.89 6.15 338 143
G_32 11.08 6.78 939 0.89 9.87 6.04 8.9
G_36 16.61 9.85 0 0.87 14.46 837 0
G_38 163 9.44 0 0.87 1436 8.22 0
G_40 16.7 9.32 0 0.86 1437 8.02 0
G_42 1339 7.18 0 0.85 1139 6.11 0
G_44 1534 6.75 0 0.84 1339 5.67 0
G_46 16.01 5.84 0 0.84 13.45 4.91 0
G_48 15.69 432 0 0.83 13.03 3.76 0
G_50 15.49 3.71 0 0.82 1371 3.05 0
G_52 15.86 3.15 0 0.81 12.85 236 0
H_00 1.49 1.18 29.91 1 1.49 1.18 29.91
( table con’d)
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H_16 1.58 1.28 29.82 0.92 1.46 1.18 27.44
H_18 1.77 1.47 3036 0.92 1.63 136 27.94
H_20 1.94 134 2931 0.92 1.79 1.42 2732
H_22 236 1.86 2937 031 2.15 1.7 26.73
H_24 3.08 239 2731 03 2.78 2.16 24.76
H_26 4.65 3.49 24.68 0.89 4.14 3.11 2137
H_28 73 535 18.69 0.88 6.43 4.71 16.45
H_30 11.72 8.95 1035 0.87 103 7.79 933
H_32 1739 8.44 1.12 0.86 15.13 736 0.97
H_34 1639 938 0 0.85 13.85 8.15 0
H_36 15.83 839 0 0.84 133 732 0
L02 134 138 30.06 I 134 138 30.06
I_16 1.84 138 3132 0.94 1.73 1.49 2935
I_18 1.94 1.69 30.79 032 1.79 136 2833
I_20 1.92 138 27.06 032 1.77 137 24.9
1_22 2.07 13 2639 031 1.89 1.37 2333
I_23 238 1.66 26.16 0.91 2.17 132 23.81
I_24 2.85 2.24 29.19 0.91 2.6 2.04 2637
I_26 2.24 1.85 30.41 0.9 2.02 1.67 2737
I_28 4.42 339 2631 0.89 334 3.02 2335
I_30 534 3.47 21.12 0.88 4.7 3.06 1839
I_32 8.22 4.85 15.76 0.87 7.16 432 13.72
I_34 11.14 637 9.87 0.87 9.7 5.72 839
I_36 16.18 9.01 138 0.86 13.92 7.75 136
I_38 16.99 938 0 0.85 14.45 8.15 0
I_40 17.41 9.6 0 0.84 14.63 8.07 0
I_42 1739 8.89 0 0.83 14.44 738 0
I_44 13.16 6.41 0 0.82 10.8 536 0
J_00 1.25 1.16 30.73 1 135 1.16 30.73
J_16 0.89 0.67 23.64 0.94 0.84 0.63 22.23
J_18 1.23 0.84 28.01 033 1.15 0.79 26.05
J_20 1.4 0.97 2834 032 139 0.9 26.08
J_21 1.35 0.96 26.46 031 133 0.88 24.08
J_22 135 1.09 27.85 0.91 1.42 1 2535
J_24 2.98 2.13 2532 03 2.69 1.92 22.7
J_26 2.49 1.7 26.61 0.89 232 132 23.69
J_28 3.25 2.27 24.77 0.88 2.86 2 21.8
J_30 4.83 3.35 22.01 0.87 431 2.92 19.15
J_32 6.36 4.48 18.01 0.87 534 33 15.67
J_34 11.71 8.4 13.82 0.86 10.08 733 11.89
J_36 16.06 113 1.17 0.85 13.66 9.78 1
K_00 131 1.27 3039 1 131 137 3039
K_16 1.84 1.41 3138 0.94 1.73 1.33 293
K_18 1.92 1.61 313 0.94 1.81 132 29.43
(table con’d)
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K_25 2.79 2.05 1 2953 0.91 254 1.87 26.7
K_26 3.18 2.43 28.89 051 2.9 252 2659
K_28 3.73 2.81 2755 05 356 253 24.8
K_30 4.81 3.7 25.4 0.89 459 3.3 22.61
K_32 6.59 4.82 20.65 0.88 5.8 455 18.18
KL34 9.06 7.05 1651 0.88 758 651 1453
KL.36 13.41 1059 8.96 0.87 11.67 9.04 7.8
K_39 17.7 13.4 0.26 0.86 1553 1153 053
KJW 18.16 1352 0.04 0.85 15.44 1153 0.04
K_42 18.29 13.09 0 0.85 1555 11.13 0
K_44 19.03 1257 0 0.84 1559 1051 0
K_46 1859 1159 0 0.83 15.19 9.46 0
K_48 1854 1256 0 0.82 1551 10.14 0
K_51 19.09 10.29 0 0.81 15.47 854 0
K_52 18.19 8.09 0 0.81 14.74 656 0
L_00 2.64 2.14 29.67 I 2.64 2.14 29.67
L_01 2.21 1.85 30.42 1 2.21 1.85 30.42
L_16 2.26 1.87 31.98 054 2.13 1.76 30.07
L_18 1.69 1.4 245 0.93 158 151 2251
L_20 2.15 1.74 30.68 0.92 1.98 1.61 2853
L_22 2.24 1.87 3156 0.91 2.04 1.71 28.45
L_24 25 1.93 3055 0.9 255 1.74 2752
L_26 25 2.05 3153 05 2.25 1.85 285
L_28 2.84 2.18 3156 0.89 253 1.95 27.92
L_30 3.19 2.38 30.68 0.88 2.81 2.1 27
L_32 3.7 258 2956 0.87 352 255 2555
L_34 4.66 359 28.04 0.86 4.01 3.09 24.12
L_36 557 3.91 2451 0.85 4.74 3.33 20.67
L_38 7.46 5.67 205 0.84 6.27 4.77 1752
L_40 11.17 8.67 13.82 0.84 959 759 11.61
L_42 16.87 13.19 457 0.83 14.01 10S5 355
L_44 1958 15.12 0 0.82 15.9 12.4 0
L_46 1954 14.21 0 0.81 15.67 1152 0
L_48 2053 14.78 0 0.8 1657 11.83 0
L_50 19.63 1359 0 0.79 1551 1058 0
L_52 19.78 12.76 0 0.79 15.63 10.09 0
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T-TEST RESULTS FOR EXPERIMENT WITH VARYING NUMBER OF INOCULUM ROOT 
TIPS (only p-values greater than 0.2 are shown)
Table B-14. P-values obtained from T-test comparing the dry weight of the biomass in 
the shake flask inoculated with 1,2, and 8 root tips.
DAY I-2 dps 1-8 dps 2-8 dps
20 0.17 0.19
24 0.09 0.01 0.08
28 0.002 0.0005 0.09
32 0.13 0.08
36 0.1
40 0.11
44 0.04 0.01
Table B-15. P-values obtained from T-test comparing the TA concentration in the 
shake flask inoculated with 1,2 and 8 root tips.
DAYS 1-2 dps 1-8 dps 2-8 dps
20 0.14 0.13
24 0.17 0.0001
28 0.03 0.11
32
36
40
44
Table B-16. P-values obtained from T-test comparing the TA concentration in the 
biophase when inoculated with 1,2 and 8 root tips.
DAYS 1-2 dps 1-8 dps 2-8 dps
20 0.03 0.09
24
28 0.14
32
36
40 0.2
44
i
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